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ABSTRACT 
This dissertation focuses on two important nondestructive evaluation and materials 
characterization problems related to composite laminates: ply lay-up characterization and 
elastic property determination. For ply lay-up characterization, we have developed a shear 
wave transmission technique to effectively detect ply lay-up errors in composite laminates. 
The effects of fiber orientation on normal-incident shear waves propagating through a 
composite laminate have been investigated both theoretically and experimentally. To 
facilitate rotation, EMATs (electromagnetic acoustic transducers) were used to generate and 
receive the shear waves. It was found that the transmitted shear waves when the EMAT 
transmitter and receiver were perpendicular to each other had a great sensitivity to ply lay-up 
errors. This technique has been successfully demonstrated on both cured and uncured 
composite laminates. For elastic property determination, we have first applied the 
simultaneous velocity and thickness imaging technique to map out small changes in 
ultrasonic velocity (hence elastic constant) when the material thickness was unknown or 
varied spatially. Applications to several industrial materials have demonstrated the 
usefulness of this technique for both materials characterization and flaw detection in metals 
and composite laminates. We have also extended this technique to generate images of 
sample surface contours and cross-sectional profiles when the velocity was unknown. Next, 
we have extended the synthetic aperture scanning method using planar transducers in an 
immersion leaky wave reflection or transmission measurement to allow the use of focused 
transducers. The complex transducer point approach has been used to model the receiver 
output voltage and to analyze the transducer beam effects on the result of a synthetic aperture 
scan. It was found that the large angular beam spread of focused transducers can be used for 
rapid mapping of the reflection or transmission coefficient and the associated dispersion 
spectrum. A novel stepwise, targeted procedure has also been developed to allow efficient 
reconstruction of material elastic property with only minimal use of the highly redundant 
xix 
dispersion spectrum data. Experiments on both isotropic and anisotropic plates showed that 
this method can be used for rapid evaluation of the elastic behavior of composite laminates 
and other plate materials with a reasonably good accuracy. 
1 
GENERAL INTRODUCTION 
Fiber-reinforced composites belong to an important class of engineering materials 
that has found increasing application in aerospace, automobiles, infrastructures and sporting 
goods. A composite laminate is usually fabricated by stacking a number of plies of the 
starting material, usually in the form of pre-impregnated tapes known as pre-pregs, in a 
specified orientation and sequence called for in the design of the laminate. The stack of 
uncured pre-pregs is then cured in an autoclave oven under pressure and at elevated 
temperatures according to some prescribed cure cycle to produce a composite component. 
By selecting ply materials, placing the plies at different orientations, and using different 
stacking sequences, laminates with desired stiffnesses and strengths are easily obtained to 
meet various load requirements in different applications. While such designability is often 
considered to be a distinct advantage of composite laminates over conventional monolithic 
materials, it also raises new challenges to the tasks of nondestructive evaluation (NDE) and 
materials characterization to ensure the integrity of composite laminates. In this dissertation, 
two NDE and materials characterization problems on composite laminates are addressed: the 
first is ply lay-up characterization, and the second is elastic property determination. 
The purpose of ply lay-up characterization is to detect ply lay-up errors in a 
composite laminate at the manufacturing stage. In traditional hand lay-up, ply lay-up errors 
can easily occur owing to inadvertent mistakes. In automated lay-up, such errors can be 
caused by an incorrectly programmed machine. Because the ply lay-up errors can adversely 
affect many properties of a laminate, such as stiffness, strength, and hydro-thermal behavior, 
nondestructive methods that can effectively detect those errors are highly desired, especially 
in the stage before final curing. 
The requirement of the nondestructive methods for partial or complete determination 
of the elastic properties of composite laminates is also clear. First, flaws induced in a 
composite laminate owing either to manufacturing procedures or service-related problems 
2 
change the local elastic properties or related ultrasonic velocities. Effective and accurate 
stiffness or velocity mapping can be important in flaw detection for ensuring the integrity of 
composite components. Second, because the properties of a manufactured composite 
laminate depends on various factors including ply material, ply lay-up, and the conditions of 
the curing process, accurate prediction of the elastic behavior of a laminate is sometimes 
difficult. NDE methods that permit a quick verification of the elastic properties of a laminate 
are therefore desirable. 
This dissertation focuses on the two very important aspects of composite laminate 
testing: the study of ultrasonic wave behavior to develop novel and effective methods a) to 
characterize the ply lay-up and b) to determine the elastic properties in composite laminates. 
Ply Lay-up Characterization 
Various means1"12 have been employed for checking the lay-up of a composite 
laminate. Optical microscopic examination of cut and polished cross sections from a waste 
edge can provide accurate and reliable results, but is destructive in nature and is very time-
consuming. Microwave methods1 have been developed to study the fiber orientation in 
graphite/epoxy and glass/epoxy composites. The angular dependence of the transmitted 
microwave signal amplitude has been used to detect ply lay-up errors. Ultrasonic 
approaches2"12 have also been investigated. Bar-Cohen et al2 introduced the polar 
backscattering method, where the backscattered signal amplitude as a function of the 
orientation angle of the plate usually showed a series of peaks that were often correlated with 
fiber orientation in the plate. A peak occurred when the ultrasonic beam was perpendicular 
to a group of fibers. However, the angular pattern could be complicated and distorted for 
laminates of complex ply lay-ups. Another ultrasonic method that showed sensitivity to fiber 
orientation was the "acousto-ultrasonic" method,3"5 where two contact-mode longitudinal 
wave transducers are coupled to the same side of the plate; the receiving transducer is rotated 
around the transmitting transducer and the signal amplitude is recorded as a function of 
angle. A peak occurs when the path between the transducers is aligned with a group of 
fibers. This method has the similar drawbacks as the polar backscattering method: the 
measured angular patterns may be difficult to interpret for laminates of complex ply lay-ups. 
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In an elastically anisotropic composite laminate, the propagation of oblique incidence 
ultrasonic waves is quite complex due to many mode conversions in the laminate. For 
linearly polarized normally incident shear waves, however, there are only two pure shear 
wave modes in each ply; these are polarized parallel and perpendicular to the fiber direction. 
The orientation of the fibers in each ply strongly affects the propagation of shear waves 
through the thickness of a laminate; as a result, the transmitted shear wave signal carries with 
it the information about the fiber orientation and stacking sequence of the ply lay-up. Hsu 
and Margetan6 showed that ultrasonic shear wave velocity could be used to determine the 
ratio of the 0° and 90° plies in a cross-ply laminate. Komsky, et al7'8 used a pair of 5 MHz 
contact shear wave transducers to make transmission measurements for ply lay-up 
characterization in thick laminates. These researchers also used neural network approaches 
to determine the ply orientation. Fischer and Hsu9 were the first to take advantage of the high 
sensitivity of the "crossed polarization" to the changes in fiber orientation and stacking 
sequence. In this configuration the polarizations of the transmitting and receiving shear wave 
transducers are perpendicular to each other. These researchers found that the angular pattern 
of the transmitted shear wave amplitude in the crossed geometry was very sensitive to errors 
in ply lay-up and stacking sequence. They also developed a ply-to-ply vector decomposition 
model9' 10 based on the displacement continuity at each ply interface to interpret the 
transmission results. The model was found to provide useful qualitative guide in data 
interpretation and prediction. Experimentally, they conducted angular scans using contact 
mode shear wave transducers coupled to the opposite faces of the composite laminate with 
shear wave couplant. It was found that, even with great care, it was difficult to maintain a 
constant and reproducible coupling condition with repeated rotation of the transducers in an 
angular scan. To alleviate the coupling problem, Hsu et al11' 12 employed electromagnetic 
acoustic transducers (EMATs) to generate and receive normal incidence shear waves. In the 
EMAT setup the composite laminate was sandwiched between two aluminum delay blocks 
and the EMAT transducers were placed on the outer surfaces of the aluminum blocks where 
the transducers can rotate freely in a non-contact manner. For uncured composite laminates, 
the coupling was provided by pressing the blocks against the laminate, without the use of a 
couplant. For cured laminates, shear wave couplant was still used between the specimen and 
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the metal blocks, but the coupling condition was much easier to maintain constant because 
the bonds between the specimen and the blocks are not disturbed by the rotation of the 
EMAT transducers. 
In this dissertation the EMAT-generated shear wave transmission technique for ply 
lay-up characterization in composite laminates has been completely studied, both 
theoretically and experimentally. To aid the understanding of the interaction between the 
shear wave and ply orientations, we developed an analytical model for the propagation of 
normally incident shear waves through a composite laminate of an arbitrary ply lay-up. The 
model was based on the continuity of velocity and stress at the ply interfaces and the 
interfaces between the laminate and the aluminum blocks. The transfer matrix technique was 
applied to obtain a compact analytical expression for the receiver output voltage for any 
given ply lay-up and orientations of the transmitting and receiving EMATs. We also 
developed a motorized data acquisition system to perform angular scans on both cured and 
uncured laminates. The experimental results for a number of ply lay-ups were compared 
with model predictions. In both the model and experimental studies, errors in ply orientation 
and stacking sequence were intentionally introduced and the detection sensitivity for such 
errors was evaluated. 
Elastic Property Determination 
The task of elastic property determination for composite materials has a long history. 
It is a research area that has been well studied in the last several decades; the references on 
this subject are too numerous to cite in detail. Among the various methods for elastic 
property determination of composite materials, mechanical testing methods13- 14 are the 
earliest, and are still commonly used. In a mechanical test of a composite laminate, a series 
of samples are often cut from the material at carefully selected angles with respect to the 
material principal axes. The samples are then tested under various loading conditions. The 
measured stress-strain curves directly yield the desired elastic properties. Mechanical tests 
produce reliable results and can also be used to determine the strengths based on the loads at 
the point of sample failure. Mechanical tests are, however, destructive in nature; they also 
require careful preparation of samples and can be time-consuming and expensive. 
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Ultrasound15 has also been extensively used to measure the elastic property of composite 
laminates. Ultrasonic methods are based on, directly or indirectly, the fundamental 
relationship between various ultrasonic wave velocities and the elastic properties of the 
sample. For thick laminates, ultrasonic velocities are often measured using the time of flight 
of bulk or surface waves in various configurations. In a simple bulk wave method,16 the 
sample is cut according to specified directions. The longitudinal or shear velocity is then 
measured in the thickness direction of the sample to get the desired constants. This method 
can accurately determine elastic constants, but has drawbacks similar to the mechanical 
testing methods. Bulk wave methods have also been implemented in an immersion 
transmission arrangement.17-19 The sample is rotated and the transmitted signals are 
measured to get the slowness curves, which are further used to reconstruct the elastic 
constants of the plate. Slowness curves have also been measured using a pair of contact-
mode transducers coupled to the single side of a composite laminate to infer the elastic 
constants.20 For thin laminates, guided wave methods21 have been used extensively. Guided 
wave methods are often implemented in a fluid- or air-coupled transmission or reflection 
setup; they have been implemented in contact mode measurements as well. Elastic constants 
are often determined from the dispersion spectra of different guided plate wave modes. 
While most of the ultrasonic methods mentioned above use piezoelectric transducers, other 
means, such as lasers,22 have also been used to generate and detect ultrasonic waves to 
characterize the elastic behavior of composite materials. 
The work on elastic property determination in this dissertation falls into two 
categories based on the method used. The first is related to ultrasonic velocity imaging using 
normal incidence pulse-echo immersion measurement. It discusses a practical problem of 
accurate velocity mapping when the physical dimensions of the sample are not precisely 
known. The second is on transducer beam effects in leaky Lamb wave measurements and 
their application to elastic property estimation of plate materials. Here we concern ourselves 
with how to utilize the transducer beam effects to get a rapid mapping of the dispersion 
spectrum in a leaky wave reflection and transmission measurement and how efficiently to 
extract the elastic properties from the mapped dispersion data, so that the elastic behavior of 
a composite laminate can be efficiently evaluated. 
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Simultaneous velocity, thickness and profile imaging 
The longitudinal stiffness in the plate thickness direction is the easiest to determine in 
an immersion measurement. Because of its simple relationship to the longitudinal wave 
velocity (C = pv2, where C is the longitudinal stiffness, v is the longitudinal wave velocity, 
and p is the density), the local stiffness variations due to either the material itself or flaws 
induced in the manufacturing or service process can be detected in the measured velocity 
image. C-scan based velocity images have therefore been widely used in nondestructive 
evaluation of material properties. In a conventional ultrasonic measurement, however, the 
measured quantity is usually the time-of-flight (TOF) and not the velocity. When either the 
velocity or the thickness is precisely known, the other can be easily deduced from the time-
of-flight data. Unfortunately, in many cases neither the velocity nor the thickness is known 
to the required precision, or they can both vary spatially. A method is therefore needed to 
map out the spatial variation of the velocity and thickness simultaneously. An ability to 
image the surface profiles that give rise to the thickness variation is also desirable. 
The simultaneous velocity and thickness (SVT) method has been developed over the 
last 15 years or so by a number of researchers for various NDE23"25 and medical ultrasonic26 
applications. The SVT scan can be done in immersion using a transmission setup or a pulse-
echo setup with the aid of a reflector behind the sample. Automated scans of the SVT 
method have been reported for both plate27 and cylindrical28 geometry; the technique can also 
be implemented using squirters27 outside an immersion tank. In most cases the velocity was 
deduced from the TOF data acquired using peak detection, but Fourier transform and the 
phase of the signal have also been used.24 Recently, the SVT method has been expanded to 
include dispersion effects and to provide the ultrasonic attenuation.29 Applications of the 
SVT scan method to industrial materials and components have been reported as well.28,30 
In this dissertation the pulse-echo mode of the SVT scan technique was implemented 
using a commercial ultrasonic immersion scan system to map out small changes in ultrasonic 
velocity and sample thickness. This technique was also extended to generate the surface 
elevation contours and cross-sectional profiles. Special care was exercised in order to 
achieve high accuracy and precision. Such a simultaneous velocity, thickness and profile 
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(SVTP) imaging technique was first demonstrated using an aluminum test sample with 
machined surface contours and constant material properties. The demonstration of the highly 
accurate scan capability was then conducted on a thick rolled aluminum plate for which the 
thickness image was compared with direct micrometer measurements. The SVTP technique 
was also applied to detect small changes in velocity, thickness and profiles of carbon epoxy 
composite laminates containing foreign objects and anomalies, as well as two other industrial 
materials: plasma sprayed thermal barrier coatings and creep/rupture tested superalloy 
samples. 
Transducer beam effects in leaky wave experiments and their application to elastic 
property estimation 
The elastic constants other than the longitudinal stiffness in the plate thickness 
direction are also important in evaluation of the elastic behavior of plate materials. Those 
constants often need to be measured by the oblique wave components in an ultrasonic 
measurement. Fluid- or air- coupled leaky waves are therefore naturally employed in 
ultrasonic nondestructive evaluation to characterize the elastic behavior of plate materials. 
This topic has been investigated extensively.31"36 Only a few references are cited here; a 
more extensive listing is contained in a recent review article by Chimenti.21 In a 
conventional leaky wave measurement, two identical planar transducers at the same 
orientation angle are used in a pitch-catch reflection or transmission arrangement. The 
output voltage of the receiving transducer in such measurements inevitably contains the 
contribution from both intrinsic material properties and extrinsic experimental parameters. 
The intrinsic contribution can be defined by the reflection coefficient (RC) or the 
transmission coefficient (TC), which depends only on the measurement frequency and the 
material properties of the plate and the coupling fluid. The extrinsic parameters include all 
the measurement settings such as transducer aperture size, beam shape, orientation angle and 
location. 
Because the extrinsic contribution can have an effect on the receiver voltage as large 
as, or larger than, the intrinsic material properties, the modeling of the receiver voltage and a 
careful study of the extrinsic effects on the measurement results become important issues in 
accurate elastic property determination. Lobkis et al31, 38 have used the plane-wave 
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decomposition of the incident beam and the reciprocity theorems of Kino39 and Auld40 to 
derive the theoretic expression for the receiver voltage as function of frequency, the 
transducer position, and the phase-match angle. These researchers have demonstrated37 that 
although the acoustic field of a piston transducer is very different from a Gaussian beam, the 
combined directivity function of an identical planar transmitter and receiver can be 
accurately replaced by that of two Gaussian acoustic beams. Such a substitution permitted 
the asymptotic evaluation of the resulting integrals in the voltage expressions. The 
geometrical dependence of the receiver voltage has also been studied37, as well as the 3-D 
beam effects on the receiver voltage.38 Complex source points, introduced first by 
Deschamps,41 provide a simple mathematical approach to construct Gaussian beams. By 
displacing a real point source into the complex plane, the resulting wave field is almost 
identical to a Gaussian beam. The imaginary part of the complex source point controls the 
width and divergence of the Gaussian beam. The larger the imaginary part, the more 
collimated the Gaussian beam. A combination of complex source and receiver points has 
been termed the "complex transducer points" (CTP).42 Chimenti, Zeroug et a/43"45 have used 
the CTP approach to study the interaction of acoustic beams with both planar and cylindrical 
structures. Recently, Zhang, Chimenti et at6'47 have applied the CTP approach to analyze 
the geometric effects on the receiver voltage,46 and to investigate the differences between the 
2-D and 3-D voltage calculation for fluid-coupled reflection experiments.47 All the above 
studies, however, are limited to the experiments where an identical planar transmitter and 
receiver is used. The effects on the measurement results owing to the transducer parameters 
themselves, such as the aperture size and the curvature, have not been investigated, although 
it has been pointed out that the CTP approach is completely applicable to the modeling of 
focused transducers.42 
The plane-wave RC or TC and their related plate-wave dispersion spectrum have been 
often used in the model-based reconstruction of the elastic behavior of thin plates.31,32, 34, 35 
Because different portions of the RC or TC and the dispersion spectrum have differing 
sensitivity to individual elastic constants, measurement data from a large phase-match angle 
range are typically necessary for complete determination of the elastic constants. Rokhlin 
and Chimenti31 have illustrated the sensitivity of the reflection minima to individual elastic 
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constants and have used a least-square scheme to extract the elastic constants from the 
reflection minima that were obtained from immersion measurements with a pair of planar 
transducers at different incidence angles. Karim et al32 have used a similar method and 
applied a simplex optimization algorithm48 to reconstruct the elastic constants from a full set 
of the reflection dispersion data. The reflection method has been lately automated using 
simultaneous mechanical steering of both transducers.49 It was found, however, even after 
automation the entire measurement process is still very time-consumimg. Safaeinili et al34'j5 
are the first who tried to utilize the transducer beam effects in leaky wave measurements. 
These researchers applied the synthetic aperture scan technique to reconstruct the plate-wave 
TC in air-coupled experiments. In this technique the receiver transducer is scanned along the 
plate and the received signal is sampled in the time domain at every scan position. The 
collected space-time domain data in a scan are then processed using temporal and spatial 
Fourier transforms to measure the voltage as a function of both frequency and wave number 
(or phase-match angle). Similar techniques have been previously used by Sachse and Pao50 
for measuring the group and phase velocities of dispersive Lamb waves and by Alleyne and 
Cawley51 for analyzing the scattering signals from defects in plates. Because the planar air-
coupled transducers have a limited frequency bandwidth and angular spread, Safaeinili et al 
used only the center frequency component for each scan. The voltage ^magnitudes measured 
with transducers at different incident angles were summed incoherently to recontruct the TC 
as a function of the phase-match angle. A conjugate gradient optimization method48 was 
then used to deduce the viscoelastic constants from the recontructed TC. In this method, the 
efficiency of the TC reconstruction is restricted by the small angular bandwidth of the air-
coupled transducers. 
In this dissertation we set out to study the transducer beam effects in leaky wave 
measurements and investigate how they can be used for rapid elastic property estimation in 
plate materials. To study the transducer beam effects completely, we allow the transducers 
(either the transmitter or the receiver) in a conventional pitch-catch reflection or transmission 
setup, to be of arbitrary type (either planar or focused), orientation angle, and location. We 
then applied the complex transducer point (CTP) approach to model thie k-f (wave number-
frequency) domain voltage measured from a synthetic transducer aperture scan in such a 
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general measurement configuration. Extensive experiments have been performed to verify 
the model and demonstrate the transducer beam effects. Both experimental study and model 
analysis show that it is possible to obtain an efficient mapping of major portions of the 
guided wave dispersion spectrum of plate media. By taking advantage of the large angular 
spread of highly focused transducers, almost the entire angular range accessible by phase-
matched water coupling can be measured at once in a synthetic aperture scan with both the 
transmitting and receiving transducer at a single orientation angle. In particular, it is possible 
to map out the regions at low phase-match angle (as small as 3°, near mode cut-offs) in a 
reflection measurement whereas in a transmission measurement the mode cut-off frequencies 
can be easily mapped out by a low transducer orientation-angle scan. 
This novel method is then applied to the efficient estimation of the elastic properties 
in plate media. We first use the wideband highly focused transducer scan to get a rapid 
mapping of the plate dispersion spectrum in the k-f domain. We then develop a stepwise, 
targeted approach to obtain a rapid approximate determination of material properties from the 
dispersion spectrum data. We realize that because of the cyclic nature of the plate wave 
dispersion relation, much of the dispersion spectrum data are highly redundant. We therefore 
choose carefully how we make use of the measured data by isolating particular portions of 
the dispersion curves where dependence on elastic properties is limited to a few of the full 
complement of stiffnesses. Afterwards we proceed in a targeted fashion to obtain stiffnesses 
incrementally, beginning with parts of the dispersion curves where only one or two constants 
are active and continuing to add data from curves where other constants can be easily 
extracted, until all relevant stiffnesses have been inferred. This inversion method permits the 
efficient reconstruction of the elastic properties with only a minimal use of the highly 
redundant dispersion data. The above elastic property estimation procedure is demonstrated 
on various isotropic and anisotropic plate materials including composite laminates. The 
results are compared with those from contact mode measurements. 
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Dissertation Organization 
This dissertation consists of four main chapters, preceded by the present general 
introduction and followed by a general conclusion. Each chapter corresponds to a submitted 
or to-be-submitted journal article. Among the four chapters, chapter 1 is on ply lay-up 
characterization and chapters 2, 3, and 4 are on elastic property determination. 
Chapter 1 is in the form of a paper submitted for publication in the Journal of 
Acoustical Society of America, which is currently under review. It gives a comprehensive 
review of the work that has been conducted on the EMAT-generated shear wave transmission 
method for detecting ply lay-up errors in composite laminates. In this chapter, both modeling 
and experiments are discussed in detail. The progress achieved at different stages of this part 
of the work have been reported in a number of conference proceedings.5'I2'52'53 
Chapter 2 has been submitted for publication in the Journal of Nondestructive 
Evaluation. It describes the simultaneous velocity, thickness and profile imaging technique 
and its application to composite laminates and several other industrial materials. The results 
on the simultaneous velocity and thickness imaging part have been reported at the 2000's 
Review of Progress in QNDE conference and will appear in the corresponding proceedings to 
be published in 2001.30 
Chapter 3 is on elastic property determination using reflection leaky wave 
measurements. In this chapter, first, the complex transducer point approach is use to model 
the received voltage in the k-f (wave number-frequency) domain for a pitch-catch reflection 
measurement that employs either planar or focused transducers. The transducer beam effects 
on the k-f domain voltage are studied, both theoretically and experimentally. The rapid 
mapping of the reflection coefficient and its associated dispersion spectrum using a synthetic 
aperture scan of highly focused transducers is demonstrated. Second, the stepwise, targeted 
procedure for elastic property reconstruction from mapped dispersion data is described in 
detail and is demonstrated on both isotropic and anisotropic plates. This chapter provides a 
full expansion of a paper that has been recently published in Acoustics Research Letters 
Online.54 Some preliminary results of this work have also been reported in the Review of 
Progress in QNDE conference in 2000.55 This chapter will be submitted for publication in 
the International Journal of Solids and Structures. 
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Chapter 4 is on elastic property determination using transmission leaky wave 
measurement. In this chapter, the synthetic aperture scan technique using highly focused 
transducers is applied to the fluid-coupled transmission measurement to get a rapid 
reconstruction of the transmission coefficient. The mode cut-off frequencies mapped by a & 
synthetic aperture scan at a low transducer orientation angle are used to determine both the 
longitudinal and shear constants in the thickness direction. The stepwise, targeted elastic 
property estimation procedure is used to reconstruct other constants in anisotropic plate 
media. The complex transducer point approach has also been used to analyze the receiver 
voltage in the above measurements. This chapter is to be submitted for publication in the 
Elsevier journal of Ultrasonics. 
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CHAPTER 1. A MODEL AND EXPERIMENTAL STUDY OF 
FIBER ORIENTATION EFFECTS ON SHEAR WAVE PROPAGATION 
THROUGH COMPOSITE LAMINATES 
A paper submitted for publication in the Journal of the Acoustical Society of America 
Dong Fei and David K. Hsu 
Center for Nondestructive Evaluation, Iowa State University, Ames, IA 50011-3042. 
Abstract 
The strong elastic anisotropy of the discrete unidirectional plies in a composite 
laminate interacts sensitively with the polarization direction of a shear ultrasonic wave 
propagating in the thickness direction. The transmitted shear wave can therefore be used in 
the detection of errors in ply orientation and stacking sequence. The sensitivity is particularly 
high when the shear wave transmitter and receiver are orthogonal to each other. To 
understand the interaction between shear waves and ply orientation, a complete analytical 
model was developed for the propagation of normal-incident shear waves in a laminate using 
local and global inverse transfer matrices. The model led to compact and tractable results 
based on four transfer functions that can be measured experimentally. The model predicts the 
transmitted signal amplitude as a function of angle and time (or frequency) for a given 
laminate lay-up and input signal. The analytical model was verified experimentally for a 
number of common laminate lay-ups with and without fiber misorientation and stacking 
sequence errors. To alleviate the experimental problems associated with shear wave 
coupling, electromagnetic acoustic transducers (EMAT) and metal delay lines were used in 
the angular scan of the transmitted signal. The EMAT system had the added advantage of 
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being applicable to uncured composite laminates. Comparison of model and experiment was 
performed for both cured and uncured composite laminates. 
PACS numbers: 43.35.Zc. 
Introduction 
Composite laminates with continuous fiber reinforcement are multi-layered structures 
in which each ply contains numerous fibers oriented along the same direction. Such 
laminates are fabricated by stacking a number of plies of the starting material, usually in the 
form of pre-impregnated tapes known as pre-pregs, in a specified orientation and sequence 
called for in the design of the laminate. The stack of uncured pre-pregs is then cured in an 
autoclave under pressure and at elevated temperatures according to some prescribed cure 
cycles to produce a composite component. Based on the load requirements, there are a 
variety of lay-ups for composite laminates. Carbon fiber reinforced composites (e.g., 
graphite/epoxy) are widely used in aerospace applications due to their desirable strength-to-
weight and stiffness-to-weight ratios and the flexibility for achieving the required elastic 
anisotropy. 
When graphite-epoxy pre-pregs are used to lay up a composite structure, it is 
imperative that no errors are present in the fiber orientation and the stacking sequence of the 
laminate. In traditional hand lay-up, such errors can sometimes occur due to inadvertent 
mistakes. In automated lay-up, it is still necessary to ensure that the machine is programmed 
correctly. Methods for ensuring correct lay-up and stacking sequence are therefore needed. 
Various means1"12 have been employed for checking the lay-up of a laminate. Destructive 
inspection includes optical microscopic examination of cut and polished cross sections from 
a waste edge. Ultrasonic approaches1"4, 6-12 were investigated. In the immersion test of a 
laminate plate, a normal incidence longitudinal wave has no sensitivity to the fiber 
orientation of the plies; oblique incidence back scattering methods1,13,14 were therefore used. 
Bar-Cohen, et al1 invented the polar back scattering method. The back scattered signal 
amplitude as a function of the plate's orientation angle usually showed a series of peaks that 
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are often correlated with fiber orientation in the plate. A peak occurred when the ultrasonic 
beam was perpendicular to a group of fibers. However, the angular pattern can be 
complicated and distorted for laminates of complex ply lay-ups. Another ultrasonic method 
that showed sensitivity toward fiber orientation was the "acousto-ultrasonic" method2"4, 
where two longitudinal mode contact transducers were coupled to the same surface of the 
plate; the receiving transducer was rotated around the transmitting transducer and the signal 
amplitude was recorded as a function of angle. A peak occurred when the path between the 
transducers was aligned with a group of fibers. Lamb waves were also used on composite 
laminates, but usually for determining the in-plane elastic properties of the laminate15 and not 
for detecting fiber misorientation or stacking sequence errors. Finally, microwave methods5 
have also been developed to study the fiber orientation in graphite/epoxy and glass/epoxy 
composites. The angular dependence of the transmitted microwave signal amplitude was 
used to detect lay-up errors. 
In an elastically anisotropic composite laminate, the propagation of oblique incidence 
ultrasonic waves is quite complex. There are generally three wave modes and the phase 
velocity is generally different from the group velocity; the wave propagation is governed by 
the slowness surface of the laminate. For linearly polarized normal incidence shear waves, 
there are only two "pure" shear modes in each ply: polarized parallel and perpendicular to the 
fiber direction. The orientation of the fibers in each ply strongly affects the propagation of 
shear waves through the thickness of a laminate; as a result, the transmitted shear wave signal 
carries with it the information about the fiber orientation and stacking sequence of the ply 
lay-up. Hsu and Margetan6 showed that ultrasonic shear wave velocity could be used to 
determine the ratio of the 0° and 90° plies in a cross-ply laminate. Komsky, et al7,8 used a 
pair of 5 MHz contact shear wave transducers to make transmission measurements for lay-up 
characterization in thick laminates. They also used neural network approaches for 
determining the ply orientation. Fischer and Hsu9 were the first to take advantage of the high 
sensitivity of the "crossed polarization" toward the changes in fiber orientation and stacking 
sequence. In this configuration the polarization of the transmitting and receiving shear wave 
transducers are perpendicular to each other. They found that the angular pattern of the 
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transmitted shear wave amplitude in the crossed geometry was very sensitive to errors in ply 
lay-up and stacking sequence. They also developed a ply-to-ply vector decomposition 
model9, 10 based on the displacement continuity at each ply interface to interpret the 
transmission results. The model was found to provide useful qualitative guide in data 
interpretation and prediction. Experimentally they conducted angular scans using contact 
mode shear wave transducers coupled to the opposite faces of the composite laminate with 
shear wave couplant. It was found that, even with great care, it was difficult to maintain a 
constant and reproducible coupling condition with repeated rotation of the transducers in an 
angular scan. To alleviate the coupling problem, Hsu et al11, 12 employed electromagnetic 
acoustic transducers (EMATs) to generate and receive normal incidence shear waves. In the 
EMAT setup, the composite laminate was sandwiched between two aluminum delay blocks 
and the EMAT transducers were placed on the outer surfaces of the aluminum blocks where 
the transducers can rotate freely in a non-contact manner. For uncured composite laminates, 
the coupling was provided by pressing the blocks against the laminate, without the use of a 
couplant. For cured laminates, shear wave couplant was still used between the specimen and 
the blocks, but the coupling condition was much easier to maintain constant since the bonds 
between the specimen and the blocks are not disturbed by the rotation of the EMAT 
transducers. 
It was evident that the interaction of shear wave polarization with the fiber orientation 
in a composite laminate can be exploited as a sensitive probe for characterizing the ply lay-
up, particularly for the detection of certain errors in ply orientation and stacking sequence. 
However, it was also clear that an analytical model would greatly aid the understanding and 
facilitate the interpretation and prediction of experimental results for the great variety of 
laminate designs. In this work, a complete analytical model is developed for the propagation 
of EMAT-generated shear waves through a composite laminate of arbitrary lay-up. The 
model is based on the continuity of velocity and stress at the ply interfaces and treats both the 
transmitted and reflected wave components in each ply. A compact analytical expression is 
derived for the global inverse transfer matrix that relates the shear wave generated by the 
transmitting EMAT and the transmitted shear wave as received by the EMAT receiver. 
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Using this method, the received signal can be predicted for any given laminate lay-up and for 
arbitrary orientations of the transmitting and receiving EMATs. With an experimentally 
measured shear waveform as a reference signal, the model predicts the angular patterns of the 
received signal amplitude as a function of the transducer orientation and time (or frequency). 
Using a motorized data acquisition system, angular scans are performed on both cured and 
uncured laminates. The experimental results for a number of lay-ups are compared with 
model predictions. In both the model and experimental studies, errors in ply orientation and 
stacking sequence are intentionally introduced and the detection sensitivity for such errors is 
evaluated. 
Model Development 
To model the normal-incident shear wave propagation through a composite laminate, 
we first expressed the shear wave field in each ply as a summation of four partial wave fields: 
two fast shear waves polarized along the fibers and propagating in the positive and negative 
thickness direction, and two slow shear waves polarized normal to the fibers and propagating 
in the positive and negative thickness direction. Then we used the velocity and stress 
continuity conditions at each interface, including ply interfaces in the sample and sample-
metal interfaces, to set up and solve the equations. Velocity continuity conditions, instead of 
displacement continuity conditions, were used so that the final equations can be expressed in 
terms of acoustic impedances, which is more compact and physically meaningful. The 
transfer matrix technique16'17 was used to simplify the above solution process. But instead of 
using the transfer matrix directly, the inverse transfer matrix was used to simplify the final 
expressions. A detailed description of the derivation process will be given in this section. 
First, the measurement configuration and the assumptions that are used in the modeling 
process are described. Then the derivation using the inverse transfer matrix technique and 
the expressions for the transmission output for arbitrary orientations of the transmitter and the 
receiver are presented. A special case where the laminate is unidirectional is also discussed. 
Finally, a brief discussion is given for the modeling of the normal-incident shear wave 
reflection (pulse-echo) measurement. 
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Measurement configuration and model assumptions 
The measurement configuration is shown in Fig. 1.1 (a). The composite laminate, 
either cured or uncured, is sandwiched between two metal (for example, aluminum) blocks. 
The metal blocks serve as the conducting media for the generation and detection of shear 
waves by EMATs and as acoustic delay lines. For a cured composite laminate, shear wave 
couplant, such as honey, can be used between the sample and the metal blocks. For an 
uncured laminate, which is a lay-up of tacky pre-pregs, shear wave coupling between the 
sample and the metal blocks can be achieved simply by exerting a pressure on the laminate 
owing to the tack of the pre-pregs at room temperature. The EMAT transmitter is driven by 
an ultrasonic puiser and generates linearly polarized normal incidence shear waves in the 
metal. The polarization directions of the transmitter and the receiver can be rotated freely 
and independently in an angular transmission measurement. Angular scans are typically 
performed with the polarization directions of the EMAT transmitter and receiver aligned or 
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Figure 1.1. Model idealization, (a) measurement configuration; (b) model. 
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crossed to each other. Because of the non-contact generation and detection of tthe shear 
waves by EMATs at the surface of the metal blocks, the angular measurement can be done in 
a highly reproducible manner. 
An idealized layered model, shown in Fig. 1.1 (b), is established to model the; EMAT-
generated shear wave transmission measurement shown in Fig. 1.1 (a). The: EMAT 
transmitter and receiver are modeled as linearly polarized plane shear wave generator and 
receiver, respectively. The metal blocks are modeled as two isotropic half spaces, as far as 
the transmitting and receiving EMATs are concerned, and the composite specimen is 
modeled as a material structure that contains multiple plies, each of which is a homogeneous, 
transversely-isotropic, lossless layer with the plane of isotropy normal to the fiber direction. 
All the boundaries, including the ply-to-ply interfaces in the laminate and the metal-Qaminate 
interfaces, are assumed to be perfect so that the continuity conditions of velocity (or 
displacement) and stress can be applied. 
Shear wave generation and detection by EMATs 
The normal incidence shear wave EMAT transducer used in this work is a simple 
form of EMAT. It consists of a flat spiral coil and a pair of permanent magnets, as sEhown in 
Fig. 1.2. When such an EMAT is placed near a conducting surface and driven by a pulsed 
electric current, eddy currents will be induced in the surface layer of the conducting material, 
and experience a Lorentz force owing to the presence of the static magnetic field. Due to 
charge neutrality requirement, this force can be simply assumed to be applied directliy to the 
conducting material and serve as the body force source that excites shear waves, which then 
propagate away normal to the surface. The receiving process is the reverse of the generation 
process. When the shear wave propagates and reaches the conducting surface, it moves the 
conducting material in the static magnetic field. Currents will be generated near the surface 
and inductively coupled to the coil, producing a received voltage proportional to the 
amplitude of the ultrasonic shear wave. A good review of the principle and applications of 
EMATs can be found in reference 18. 
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Figure 1.2. Generation of normal-incident shear waves by the EMAT. 
In a rigorous analysis of the generation and reception process of EMAT one needs to 
consider the magnetic field distribution, the eddy current pattern, the finite transducer size 
effect, and the conducting surface condition. However, when the separation distance between 
the transmitting and receiving EMATs is not too small, as is the case in this work, the shear 
wave generated can be simply assumed to be proportional to the drive current and the shear 
wave can be idealized as a linearly polarized plane wave. For the receiver side, the output 
signal can be simply assumed to be proportional to the displacement amplitude along the 
polarization direction of the EMAT. Experimental results, which will be given later, show 
that such a linear polarization assumption of EMATs is a fairly good approximation. 
As shown in Fig. 1.1 (a), when the EMAT transmitter is driven by an electric pulse, a 
normal-incident shear wave is generated in metal medium 1. This shear wave can then be 
decomposed into two components along axes 1 and 2. Under the linear polarization 
assumption, the displacement components of the generated incident shear wave can be 
expressed in the frequency domain as 
h 
= %&.(*) 
M. 
cos (j)T 
sin0T 
(1.1) 
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where Ix and h are the displacement components of the incident shear wave, V\ is the 
frequency component of the source voltage, co is the angular frequency, /Jr(co) is the 
efficiency factor for the transmitter, and (pr is the polarization direction of the transmitter with 
respect to axis 1. The subscripts of the variable or the matrix denote the medium in which 
the variable or the matrix is defined. In the above equation, for example, Mi denotes metal 
block 1. The superscripts, "+" or denote respectively the lower surface or the upper 
surface of the medium in which the variable or the matrix is defined. The same convention is 
followed in the rest of the derivation. 
Under the assumption of linear polarization, the reception is simply a projection 
process. The frequency component of the output voltage of the EMAT receiver, V0, is 
therefore 
where T\ and T2 are the displacement components of the transmitted shear wave, /3R(CD) is the 
efficiency factor for the receiving EMAT, and 0r is the polarization direction of the receiver. 
Partial wave solutions in one ply 
The wave field in each ply of the laminate can always be expressed as a summation of 
fundamental planar harmonic bulk-wave solutions. To obtain the fundamental solutions for 
the normal incidence elastic waves, one can solve the Christoffel equations in orthotopic 
media16 with the wave vector specified along X3. This leads to three pure-mode solutions: 
where c,- and ut (i = 1, 2, 3) are phase velocities and the corresponding unit displacement 
polarization vectors, respectively; C33, C44 and C55 are the components of the stiffness matrix 
of the ply material; and p is the mass density of the ply. The first two solutions are the shear 
wave solutions and the third is the longitudinal wave solution that will not be considered 
further. In a unidirectional ply, the shear wave polarized along the fibers (direction 1) 
y„=/3„Hr, r,; co* , 
_sm <pR 
(12) 
c, «3 =[0,0,1], (1.3) 
P 
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propagates faster than the one normal to the fibers (direction 2). For a typical unidirectional 
graphite/epoxy laminate, for example, the ratio of the slow shear wave velocity to the fast 
shear wave velocity is about 3:4. Any harmonic normal incidence shear wave field in one ply 
can be expressed as a summation of four partial wave fields: two fast shear waves polarized 
along the fibers and propagating along positive and negative axis 3, and two slow shear 
waves polarized normal to the fibers and propagating along positive and negative axis 3. 
Transfer matrices 
For convenience, let vector P denote the velocity and stress components associated 
with the normal incidence shear wave field. P is defined as 
where vt and are velocity components, (T13 and 023 are shear stress components, and T 
denotes "transpose", the same for the rest of the derivation. 
there are generally four partial waves. It can be shown that the corresponding velocity-stress 
vector of the shear wave field can be expressed in terms of the amplitudes of the four partial 
waves, as follows: 
0*237. (1.4) 
As stated above, for the normal incidence shear wave field in the arbitrary /h layer, 
Pj = (-i(D)XjEj (x3 )Yj, (1.5) 
where 
cos<j) —sin<(> cos<() — sin <j> 
sin<|> cos(j) sin<() cos<t> 
— Z,cos<j) Z2sin<j) Z; cos(|) — Z2sin<|) 
— Z( sin(|) -Z2cos<t) Z( sin# Z2cos(j) 
E, (x, ) = 
73 0  0  e ~ , k l X i  0  
0 0 0 
0 eiklXl 0 0 
0 0 0 e~ik 
J 
yy=[z/, u, tz, uj.  (1.6) 
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where i = -J—T, 0 is the fiber orientation, Z/(=p Cç/) and Z?(=p c5?) are the acoustic 
impedances for the fast and slow shear waves, respectively, ki and are the fast and slow 
shear wave numbers, respectively, and Fis a vector that contains Uu U2, C/3 and U\, the four 
displacement amplitudes respectively associated with the fast shear partial wave propagating 
downward, the slow shear partial wave propagating downward, the fast shear partial wave 
propagating upward and the slow shear partial wave propagating upward. All the quantities 
are defined in the 7th ply, as indicated by the subscripts of the variables and the matrices. 
From the above equation, one can see the advantage of using velocity instead of 
displacement: the frequency-dependent term (-z'<y) can be moved out of the matrix Xj, which 
can now be expressed in terms of fiber orientation and acoustic impedances only; otherwise 
matrix Xj is also frequency dependent. By letting the acoustic impedance be complex, 
material attenuation can also be modeled; although the attenuation effects are not included in 
the present model. 
The velocity-stress vectors at the top and the bottom interfaces of a ply can be related 
by a local inverse transfer matrix Bj, as follows, 
Pj=BjP;, (1.7) 
with 5j given by 
Bj =X jE j{-hJ)X~\ (1.8) 
where h} is the thickness of the 7th ply. The explicit expressions for the components of Bj can 
be obtained through symbolic calculation and simplication of Eq. (1.8). The results are given 
below, 
Bn = Z?33 = cos(£2/z) + cos2 0[cos(*,A) - cos(*2A)L 
Ba = B2I = B34 = B43 = sin 4> cos 0[cos(fc,/z) — cos(fc2ft)], 
Bl3 = /^in(£,/i)/Z, +cos2 0[sin(£1/i)/Zt -sin(Â:2/z)/Z2]}, 
Sl4 = #23 = i  sin <p cos0[sin(^,/z) / Z, — sïn(k2h) / Z2], 
B-n =B44 =cos(fcj/i) + cos2 0[COS(£2/I) — cos^/i)], 
29 
#24 = z^in(fc1A)/ZI + cos2 0[sin(£2/z) / Z2 — sin(^,A)/ZI]}, 
S3[ = z'{sin(/fc2/z)Z2 +cos20[sin(Â:1A)Z1 - sin (£,/z)Z2]}, 
B3Z =B41 = z'sin0cos0[sin(fc1/z)Zl - sin(fc2/z)Z2 ], 
S42 = z'-^in(A:1/i)Z1 + cos2 0[sin(fc2ft)Z2 — sin(^1/t)Z,]}. (1.9) 
By applying the velocity and stress continuity conditions at each interface in the 
sample, one can relate the velocity-stress vectors at the top and the bottom interfaces of the 
whole laminate sample through a global inverse transfer matrix B, as follows, 
PS~=BPS\ (1.10) 
where B is the product of all the local inverse transfer matrices, 
B = BlB2...Brj_lBn , (1.11) 
and n is the total number of plies. 
Transfer functions 
In metal medium 1, the velocity-stress vector at interface 1 can be expressed as 
pM,  =(-z'<u) 
1 0 1 0 A 
0 1 0 1 A 
-z 0 z 0 *1 
0 -z 0 z M .  A 
(1.12) 
M. 
where Z, which is equal to pucs (Pm is the mass density of metal and cs is the shear wave 
velocity in metal), is the acoustic impedance of the shear wave in metal, and Ri and R2 are the 
displacement components of the reflected shear wave in the x\ and X2 directions, respectively. 
In metal medium 2, there are only two transmitted partial waves. The velocity-stress 
vector at the top interface is given by, 
pM ,  =(~iG>) 
1 0 
0 1 
-z 0 
0 -z 
X 
r, 
(1.13) 
A/, 
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The bonding conditions at the metal-sample interfaces are assumed to be perfect so 
that the velocity-stress continuity conditions can be applied, 
P* =p5'andp;=p-. (1.14) 
Combining Eqs. (1.10), (1.12), (1.13) and (1.14), one can get the equations for the 
unknown reflected and transmitted components in the metal media, as below 
"1 0 Ai D12~ X" "-1 0 " 
0 1 £>21 £*22 *2 0 -1 
z 0 A, D32 A z 0 
0 z £>4, ^42, _r2„ 0 z 
A 
A 
(1.15) 
1 >,1 *v_~ 
.
.
.
 
1 
-
 
1 
1/2 J A ^22. U2J 
Solving the above equations, one gets the transmitted components 77 and T? in the form of 
(1.16) 
_
l l ] 1^21 /<22jL/2j
where 
FN = 2Z(-D42 + Z)22Z)/A , 
FI2 = 2Z(D 3 Z  -D L 2 Z) /A ,  
F2L = 2Z(D41 -D 2 L Z) /  A, 
F 2 2 =2 Z( -D 3 1  +D N Z) /A ,  
A =— Z)3lZ)42 + D32D4I + (—D2LD32 + Z)22 D31 +£>nD42 — D[2D41 )Z 
+  (_—D L L D 2 2  +  D L 2 D 2 L )Z~ ,  
£> = £ 
-1 0 -fill + B13Z -B12 + Z?I4Z 
0 -1 -B 2 L  - 5 22 + s^z 
z 0 
~
B 3 l  + B33Z ~ B 3 2  
0 z 
_
- B4L + B43Z - S42 + BUZ 
(1.17) 
The Fjj's are the transfer functions that relate an arbitrary incident input with the 
transmission output. These transfer functions are functions of the frequency, the material 
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properties, the lay-up, and are independent of the orientations of the transmitter and the 
receiver. 
Equation (1.15) can also be used to solve the reflected fields Ri and /?2- The reflected 
fields are also functions of the ply lay-up and therefore can be used for lay-up 
characterization. However, if the reflected fields are of primary interest, one can use the 
pulse-echo reflection measurement in which only one EMAT is needed. A brief discussion 
about the modeling of such a measurement will be given at the end of this section. 
Output voltage 
The expression for the output voltage can be obtained by combining Eqs. (1.1), (1.2) 
and (1.16), which leads to 
K, =%/3r(w)/3*(w)|pos^ sin0R P"ll ^12 Tcos <pT 
FU Fzz II sin 
(L18) 
In the above equation, Vi, /3r(<y) and (3R (co) are difficult to model individually, but the 
product of these three terms can be determined experimentally by measuring the amplitude of 
a reference transmission signal obtained with the EMAT transmitter and receiver aligned to 
each other and the two metal blocks coupled together directly with shear couplant. For 
convenience, one can also define a normalized transmission output, as follows 
V. = Vn 
Then Eq. (1.18) becomes 
V = 
(1.19) 
;=[cos0* sin^j^11 ^12 Tcos <pT 
F22JI sin0r 
(1.20) 
Equations (1.18) and (1.20) show the essence of the shear wave transmission 
measurement. It can be seen that the laminate lay-up information is contained in the transfer 
functions; therefore, there is no simple relationship between the transmission output and the 
ply lay-up. In addition, one can see that the transfer functions contain all the information that 
can be possibly extracted from the transmission measurement. These transfer functions can 
be determined in principle by four measurements: (1) <h= <h. = 0°; (2) </>r= 0°, 0r = 90°; (3) 
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(pr = 90°, (pR = 0°; and (4) <j>r = 0r = 90°, respectively. If one makes these four "primary" 
measurements (1-4) in order and obtains four "primary" time-domain transmission signals, 
Vu(f), Vl2 (r), V2l(t) and (t), respectively, one can predict the transmission output for 
arbitrary orientations of the transmitter and the receiver according to Eq. (1.18), as follows 
vu (?) VI2(r)Tcos0r 
Y2i (0 ^(OJLsin^T-
Therefore, the angular measurements for other orientations of the transmitter and the receiver 
are redundant. 
Vo(O = [cos0s sin#, (1.21) 
Unidirectional case 
We first apply the model to the simple case of a unidirectional laminate. If all the 
fibers are along the 0° direction, then the local inverse transfer matrix for the arbitrary 7th ply, 
which is given by Eq. (1.9), can be reduced to 
COS(£L/Z) 0 z'sin(£,/z)/Zl 0 
0 cos(fc2/z) 0 is \n(k2h)f  Z2  
zsin(À:1A)Zl 0 cos(£,/z) 0 
0 ism(k2h)Z2  0 cos(k2h) 
Bj = (1.22) 
The global inverse transfer matrix is simply B-} with h} replaced by the whole sample 
thickness h, which is equal to nh}, where n is the total number of plies. The transfer functions 
for this case can then be simplified to 
F = 
2Z,Z 
2cos(A:1/z)ZlZ — ism(k lh)(Z z  +Zt2) 
0 
0 
2Z,Z 
2cos(k2h)Z2Z -is in(k2h)(Z2  + Z 2 )  
(1.23) 
For arbitrary orientations of the transmitter and the receiver, the normalized transmission 
output becomes 
— 2Z,Zcos0r cos0„ 2Z2Z sin <pT sin <pR V„ = • + 
2cos(^1/i)Z1Z — i'sin(Ârt/z)(Z2 +Zf) lcos(Jc2h)Z2Z-isin(k2h)(Z2  +Z22) * 
(1-24) 
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If <pR = <pT = 0° , the normalized transmission output is given by 
2ZtZ (1.25) 
2cos(£,/z)Z,Z — t'sinC^/zXZ2 +Z,2) 
Similarly if <f»R =<j>T =90° , the normalized transmission output is given by 
2Z2Z (1.26) 
2cos(/t,/i)Z2Z - zsm(£,/z)(Z2 + Z22) 
Equations (1.25) and (1.26) are exactly the same as the classical transmission coefficients for 
normal-incident longitudinal (or shear) wave propagating through an isotropic layer 
embedded in an isotropic medium, as given in Ref. 19. This agreement is reasonable because 
the shear waves involved in the above two cases are only fast shear waves when both the 
transmitter and receiver are aligned at 0°, and only slow shear waves when both the 
transmitter and receiver are aligned at 90°. In either case, there are no mode conversions 
between the fast and slow shear waves. Therefore the wave behavior should be a simple 
resonance as what one would expect for normal incidence longitudinal (or shear) wave 
propagating through an isotropic layer. The above agreement serves as a check for the model 
development of this work. 
Pulse-echo reflection method 
Compared to the transmission method, a pulse-echo reflection method requires only 
one transducer and has the distinct advantage of single-side access. The same modeling 
procedure described above can be used to model the pulse-echo reflection output. Referring 
to Fig. 1.1 (b), since there is no separate receiving transducer or the associated aluminum 
block necessary in the transmission measurement, interface 2 is traction free. Using Eqs. 
(1.10) and (1.12) and the velocity-stress continuity condition at interface 1, one can set up the 
equations and solve the unknown reflected fields Ri and Rj. The results, similar to Eq. (1.16) 
in form, are 
/?, _ Hn 
AJ'IAI (1.27) 
where h contains the first two rows and columns of a matrix m, which is given by 
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1 0 -B,i -b l2 -I "-1 0 
0 1 -b2 i ~ b22 0 -1 
z 0 -bn 
-#32 z 0 
0 z 
~
FL41 1
 0 z 
The above expression can also be further simplified using symbolic evaluation. Using Eq. 
(1.27) and the linear polarization assumption of the shear wave generation and detection, one 
can get the expression for the frequency component of the reflected output voltage, which is 
simply Eq. (1.18) with f replaced by h. 
Model Calculation and Discussions 
In this section, we will present a model study about the effects of fiber orientations on 
the EMAT-generated normal-incident shear waves and their potential for lay-up 
characterization in composite laminates. Due to the importance of the transfer functions, the 
model-predicted transfer functions for several types of composites with common lay-ups are 
first presented and the factors that affect the transfer functions are discussed. The model is 
then used to predict the transmission output as a function of angle, frequency and the 
orientation of the transmitter and the receiver, with the purpose of seeking the appropriate 
quantity for indicating lay-up errors. Finally a lay-up inversion strategy is discussed based on 
the model calculation. For all model calculation, unless stated specifically, the metal material 
is aluminum (density PM = 2.70xl03 kg/m3 and shear wave velocity cs = 3.13xl03 m/s) and 
the laminate material is graphite/epoxy (density p = 1.60xl03 kg/m3, fast shear wave velocity 
csi = 1.89xl03 m/s, slow shear wave velocity cs2 = 1.40xl03 m/s) and the ply thickness hs is 
1.30x10^ m. 
Transfer functions 
The derivation in Section I shows that for a given composite laminate and metal block 
materials, the transfer functions are determined. The actual transmission output is 
determined by the transfer functions, the orientations of the transducers, and the system 
efficiency factors. Figure 1.3 shows the transfer functions for four different types of 
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laminates. In Fig. 1.3, (1-a) and (1-b) are respectively the amplitude and phase of the transfer 
functions for an 8-ply unidirectional graphite/epoxy laminate. It can be seen from (1-a) and 
(1-b) in Fig. 1.3 that Fn and F22 exhibit a simple resonance behavior, due to the fact that an 
8-ply unidirectional laminate is equivalent to a thick single layer in the idealized model. The 
resonance frequencies for F% % and F22 are different because of the velocity difference of the 
shear waves polarized along and normal to the fibers. Both F12 and F2I are zero because 
there is no coupling between the shear waves polarized along and normal to the fibers as they 
propagate through a unidirectional laminate. Figures (2-a) and (2-b) in Fig. 1.3 respectively 
show the amplitude and phase of the transfer functions of a cross-ply graphite/epoxy laminate 
with a lay-up of [0/90]2s (s indicates the ply lay-up is symmetric with respect to the mid-
plane of the laminate). Compared with (1-a) and (1-b), the transfer functions for [0/90]2s, Fn 
and F22, are more complicated because of the additional resonance in the laminate. However, 
F12 and F21 remain zero, again because there is no coupling between the shear waves 
polarized along and normal to the fibers in each ply and therefore in the whole laminate. The 
above statement is valid for any cross-ply laminates including a unidirectional laminate as a 
special case. Figures (3-a) and (3-b) in Fig. 1.3 show the transfer functions of a quasi-
isotropic graphite/epoxy laminate with a lay-up of [0/45/90/-45]s- It can be seen that a 
significant difference from the unidirectional and cross-ply cases is that the transfer functions 
F12 and F21 are no longer zero because the inputs polarized along 0° or 90° are coupled to the 
outputs polarized along 90° or 0°, respectively, through the ±45° plies in the laminate. 
Cross-ply and quasi-isotropic laminates can therefore be distinguished from each other by 
measuring Ft2 or F21. Although in all the above three cases, F12 and F21 are either zero or the 
same, they are not necessarily equal for a general ply lay-up. Figure 1.3 (4-a) and (4-b) show 
such an example. The ply lay-up of the laminate is [0/45/90/-45]s except with plies 1 and 2 
exchanged. It can be seen that F12 and F2I are no longer equal due to the break of ply lay-up 
symmetry. From the above example, one can also see that the transfer functions for a 
composite laminate with a general lay-up can be very complicated due to the mode 
conversions between fast and slow shear waves and the resonance associated with different 
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(1-a) (1-b) 
-4.0 A 
(2-a) 
1 2 3 
Frequency (MHz) 
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Figure 1.3. Examples of transfer functions for graphite/epoxy laminates. (1-) unidirectional, 
[0]8; (2-) cross-ply, [0/90]2s; (3-) quasi-isotropic, [0/45/90/-45]s; (4-) general, [0/45/90/-45]s 
with plies 1 and 2 exchanged, (-a) amplitude; (-b) phase. 
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Figure 1.3. (Continued). 
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thickness of groups of plies or the whole laminate. The results of (4-a) and (4-b) in Fig. 1.3 
also show that a comparison of F12 and F21 can reveal errors in stacking sequence. 
As stated in Section I, the transfer functions are functions of the frequency, the 
material properties, and the ply lay-up. Figures 1.4 and 1.5 show how the material properties 
affect the transfer functions. In Figs. 1.4 and 1.5, Z, z\ and Z% are the acoustic impedances of 
the shear wave in metal, and the fast and slow shear waves in the composite laminate, 
respectively. Figure 1.4 shows the effect of the ratio of z\ and Z2 with constant Z and z\. It 
can be seen that when Zi = Z% (isotropic limit), the transmitted wave exhibits a simple 
resonance, as shown by the solid black line in Fig. 1.4. Such a resonance is determined only 
by the total number of plies and is independent of the ply lay-up. When the ratio of z\ and Z% 
increases, the effect of the ply lay-up on the transfer function f\ 1 becomes more and more 
evident, as can be seen from Fig. 1.4. Besides the material properties of the sample itself, the 
shear wave impedance of the metal block material is the only other material property that 
1.6 
1.4 
1.2 
I 1.0 
f 0.8 
< 0.6 
0.4 
0.2 
0.0 
0 1 2 3 4 5 
Frequency (MHz) 
Figure 1.4. Effect of the ratio of fast and slow shear wave impedances on transfer function 
Fn. The laminate is a graphite/epoxy laminate with a lay-up of [0/45/90/-45]s- Z, Z, and Z% 
are the acoustic impedances of the shear wave in metal, and the fast and slow shear waves in 
the composite laminate, respectively. 
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Figure 1.5. Effect of the shear wave impedance of the metal material on transfer function 
Fn. The laminate is a graphite/epoxy laminate with a lay-up of [0/45/90/-45]s- Z, Z[ and Z2 
are the acoustic impedances of the shear wave in metal, and the fast and slow shear waves in 
the composite laminate, respectively. 
affects the transfer functions. Figure 1.5 shows the effect of the shear wave impedance of the 
metal block on the transfer function Ftl of a graphite/epoxy laminate with a lay-up of 
[0/45/90/-45]s- From Fig. 1.5 one can see that the acoustic impedance of the block material 
affects mainly the amplitude of the resonance rather than its frequency. 
Lay-up error indication 
When the normal incidence shear wave impinges upon and propagates through the 
laminate, the shear waves interact strongly with the fiber orientations in different plies. The 
transmitted shear wave can therefore be used in the detection of errors in ply orientation and 
stacking sequence. As one can see from the model, the transmission output for a given 
composite laminate depends on the orientations of the transducers, the frequency and the ply 
lay-up. There are therefore a number of possible ways to utilize the model for detecting lay-
up errors. As has been shown previously,9"11 changes in lay-up orientation and stacking 
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sequence can drastically alter the angular scan pattern of transmitted signal amplitude versus 
transducer angle. A convenient way for detecting anomalies in lay-up orientation and 
stacking sequence is to conduct an angular scan. Using the transmission setup, one can 
perform an angular scan with the transmitting and receiving EMAT transducers either 
"aligned" or "crossed". "Aligned" means that the polarization directions of the two 
transducers are orientated parallel to each other, and "crossed" means that they are 
perpendicular to each other. In either case the two transducers are rotated synchronously in 
the same rotation direction over a full circle. In such an angular scan, the transmitted shear 
wave signal is digitized and recorded in the time domain at each increment of the scan step. 
The acquired data can then be displayed as a function of transducer angle and time. In 
practice, the magnitude of the signal is expressed in gray scale or color in a two-dimensional 
plot with time on the horizontal axis and transducer angle on the vertical axis. The 
convention chosen is to always use the angle of the transmitting transducer when the scan is 
done in the "crossed" configuration. Such a representation of the scan result is referred to as 
the "angle-time pattern". Alternatively, the acquired shear wave transmission signal can also 
be transformed into the frequency domain and the signal amplitude is then displayed in gray 
scale or color as a function of frequency (on horizontal axis) and transducer angle (on vertical 
axis). This representation is referred to as the "angle-frequency pattern". The time domain 
and frequency domain signals are of course equivalent, but some of the features associated 
with ply lay-up errors may be more prominent in the angle-frequency pattern while others 
more easily detected in the angle-time pattern. As a subset of the full data, one can also 
display the magnitude of the transmitted signal at a single selected frequency as a function of 
the rotation angle, or display the frequency spectrum of the transmitted signal for a particular 
transducer angle. The full angle-time pattern or angle-frequency pattern is more useful in 
global survey for laminate lay-up errors whereas the subsets of data can be used for 
monitoring a certain identified anomaly. 
Figure 1.6 shows the model-predicted single-frequency angular patterns at different 
frequencies for a 16-ply unidirectional graphite/epoxy laminate. It can be seen from Fig. 1.6 
that the shapes of the aligned patterns (solid line) vary greatly with frequency, from nearly 
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elliptical to four-equal-lobes. However, all the crossed patterns (gray line) have four equal 
lobes. The last statement is actually valid for all cross-ply laminates, which can be proven 
easily using Eq. (1.20) with F12 = F21 = 0 and 0r = #r-90°. It can also be observed that the 
absolute size (magnitude) of the aligned and the crossed patterns and the relative size 
between the aligned and crossed patterns change greatly with frequency. Figure 1.7 shows 
the single-frequency angular patterns at different frequencies for a quasi-isotropic 
graphite/epoxy laminate with a lay-up of [0/45/90/-45]2s- The tilting of the patterns is due to 
the non-zero transfer functions F12 and F21. It can be seen again that the shape, the absolute 
size and the relative size for both aligned and crossed patterns are sensitive to frequency. 
18 
18 
270 270 
aligned crossed 
Figure 1.6. Single-frequency angular patterns for a 16-ply unidirectional graphite/epoxy 
laminate at different frequencies: (a) 1.0 MHz, (b) 2.0 MHz, (c) 3.0 MHz and (d) 4.0 MHz. 
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Figure 1.7. Single-frequency angular patterns for a quasi-isotropic graphite/epoxy laminate 
with a lay-up of [0/45/90/-45]2s at different frequencies: (a) 1.0 MHz, (b) 2.0 MHz, (c) 3.0 
MHz and (d) 4.0 MHz. 
The results in Figs. 1.6 and 1.7 show that the angular patterns of the transmitted shear 
wave amplitude are strongly frequency dependent and can exhibit intricate changes even for 
the simplest case of a unidirectional lay-up. The angular pattern of a transmitted broadband 
shear wave signal would therefore depend on the particular frequency spectrum of the pulse; 
such a display of data is not convenient for the purpose of detecting anomalies in ply lay-up 
and stacking sequence. The model described above can be used in the generation of the full 
angle-frequency pattern or angle-time pattern for both the aligned and the crossed 
configurations. Such patterns provide an overall view of the angle and frequency (or time) 
dependence of the transmitted shear wave signal for different ply lay-up errors. Figure 1.8 
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shows the angle-frequency patterns of a unidirectional 16-ply graphite/epoxy laminate. By 
plotting the amplitude of the normalized transmission output (shown in (1-a) and (1-b)) in a 
2D image format (shown in (2-a) and (2-b)), one obtains a global view of the patterns that are 
characteristic of the ply lay-up in the laminate. Such patterns were found to be very sensitive 
to the lay-up errors in the laminate, as illustrated in the following examples. 
Figure 1.9 shows the aligned and crossed angle-frequency patterns for a cross-ply 
graphite/epoxy laminate with and without different types of errors. The lay-up of the 
laminate free of errors is [0/90]2s- The aligned and crossed patterns for such a laminate are 
shown in (1-a) and (1-b), respectively. If ply 2 is by mistake placed at 0° instead of at 90°, the 
patterns become those shown in (2-a) and (2-b). Comparing (1) and (2), one can easily see 
the changes of the angle-frequency patterns, especially for the crossed geometry, due to the 
(l-a) (l-b) 
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Figure 1.8. Angle-frequency patterns for a 16-ply unidirectional graphite/epoxy laminate. 
(1-) 3D view; (2-) 2D view, (-a) aligned; (-b) crossed. 
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Frequency (MHz) Frequency (MHz) 
Figure 1.9. Angle-frequency patterns for cross-ply graphite/epoxy laminates with and 
without errors. Lay-up: [0/90]as- (1-) without errors; (2-) ply 2 is placed at 0°; (3-) ply 4 is 
placed at 0°; (4-) plies 2 and 3 are exchanged; (5-) [0/90]4- (-a) aligned; (-b) crossed. 
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Figure 1.9. (Continued). 
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single-ply misorientation. If such ply misorientation takes place at the 4th ply, the patterns 
would be like those in (3-a) and (3-b). Comparing the patterns of (2) and (3), one can see that 
the angle-frequency patterns are also sensitive to the depth location of a single-ply 
misorietation. If the lay-up error is a switched stacking sequence order for plies 1 and 2, the 
aligned and crossed patterns, respectively shown in (4-a) and (4-b), exhibit obvious changes. 
Finally, if the symmetric laminate [0/90]zs is by mistake laid up as a non-symmetric laminate 
[0/90]4, both aligned and crossed patterns change drastically, as shown in (5-a) and (5-b). In 
pattern (5-a), one can see the stopping band between 2-3 MHz, due to the periodic nature of 
the laminate. The output for the crossed scan (shown in (5-b)) is identically zero due to the 
special properties of the ply lay-up [0m/90m]n (where m, n are positive integers). For such a 
special type of ply lay-up, f\, equals to fn and both f12 and are zero. From the above 
example one can also see that the sensitivity of the angle-frequency patterns to the lay-up 
errors is not constant over the entire frequency range: different lay-up errors cause changes in 
different frequency ranges. This means that the angle-frequency pattern is more 
advantageous over the single-frequency angular pattern for detecting lay-up errors and that 
such modeling can be used for optimizing the detection sensitivity of shear wave 
transmission measurements. 
Figure 1.10 shows the model results for another class of laminate. This 16-ply 
laminate has a quasi-isotropic lay-up of [0/45/90/-45]2s- When the laminate is free of lay-up 
errors, the aligned and crossed angle-frequency patterns are shown in (1-a) and (1-b), 
respectively. The patterns change into (2-a) and (2-b) if ply 8 is placed at +45° by mistake, 
into (3-a) and (3-b) if plies 7 and 8 are exchanged, and into (4-a) and (4-b) if the laminate is 
laid up as [O/45/9O/-45]^. From these patterns, one can again see that both aligned and 
crossed patterns, especially the crossed patterns, are sensitive to ply misorientation and 
stacking sequence errors. Although it is difficult to prove analytically that the aligned and 
crossed angle-frequency patterns are unique to a particular type of laminate, extensive model 
calculations performed in this work for a variety of laminates with different types of lay-up 
errors have provided convincing evidence about the usefulness of the angle-frequency 
patterns for detecting ply lay-up errors. 
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Frequency (MHz) Frequency (MHz) 
Figure 1.10. Angle-frequency patterns for quasi-isotropic graphite/epoxy laminates with and 
without errors. Lay-up: [0/45/90/-45]as- (1-) without errors; (2-) ply 8 is placed at +45°; (3-) 
plies 7 and 8 are exchanged; (4-) placed as [0/45/90/-45]4. (-a) aligned; (-b) crossed. 
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The reason that the crossed pattern is more sensitive to the lay-up errors than the 
aligned pattern can be explained using the model developed in Section I. By setting 
#R = #r = # in Eq. (1.20), one can get the normalized output for an aligned angular scan, V A , 
as follows, 
Similarly, by setting #r = # and #R =# -90° in Eq. (1.20), one gets the normalized output for 
a  c r o s s e d  s c a n ,  V c ,  
From Eqs. (1.29) and (1.30), one can see that both the aligned and the crossed patterns 
contain only non-zero DC and ±20 angular spectrum components. These components can be 
obtained by performing a Fourier transform on the angle-frequency pattern along the angle 
axis. While the 2# components in the aligned and crossed patterns have the same magnitude 
but a reversed phase, the DC components are very different. In a real measurement, the 
wavelength is often large compared with the laminate thickness, therefore transfer functions 
Fn and F22 are close to unit, and transfer functions F12 and F21 are usually small. Therefore, 
in the aligned patterns, the sensitive components, such as Fn - F22, F12 and F21, are 
(1.29) 
^r) p' p" [cos# sin#] 
JL^Zl **22, 
= J(^.2 - ^ -|(Fl2 + F2l)cos2# + I(Fn -F22)sin2# 
= - Fn ) + (f,2 + F2l ) - i(F,, - Fv)>'2» + j[- (F12 + F21 ) + i(Fl2 + F21 )>"2» -
(1.30) 
superimposed on a strong DC background, — (Fn + F22). In the crossed patterns, however, 
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the DC background, — (F12 — F21), is much smaller, which means that the sensitive 
components can be easily observed. However, the crossed pattern alone does not provide the 
complete information about the ply lay-up. For example, if the ply lay-up is in the form of 
[0m/90m]n Qn and n are both positive integers), due to the special properties of this type of 
laminate lay-up, i.e. Fn = F22 and F12 = F21 = 0, the crossed pattern is always zero and the 
discriminatory information has to be obtained from the aligned patterns. An example of the 
crossed pattern of such a laminate can be found in Figure 1.9 (5-b). 
Lay-up inversion strategy 
To deduce the complete lay-up of a laminate based on the transmitted shear wave 
signals is considerably more challenging than detecting errors in a known lay-up. This topic 
is not yet fully explored but some comments will be given here. One possible approach is to 
directly iterate the unknown lay-up to fit the measurement data using the transmission model. 
However, the differences between the transmission outputs for different lay-ups are usually 
small, due to the fact that the ply thickness is usually much less than the wavelength. 
Therefore, unless the model works extremely well and the data is free of noise, it is often 
fruitless trying to fit the experiment data. Pattern recognition, on the other hand, may be a 
more practical approach. In pattern recognition approaches, feature extraction is critical and 
the inter-class distance distribution determines the classification performance. Single aligned 
time-domain transmission waveform, after being preprocessed by a shift-invariant procedure, 
has been used as a feature for pattern classification.8 The shift-invariance procedure is used 
to remove the time shift on the transmission waveforms from different measurements due to 
minor changes of the coupling conditions. The four "primary" transmission waveforms and 
the transfer functions can also be used as features. Compared to the primary transmission 
waveform, the amplitude of the transfer function as a feature has the advantage of having a 
small dimensionality, being independent of measurement system, and being time shift-
invariant. It is not suitable to use the angle-frequency or angle-time patterns directly as 
features because of their large dimensionality. However, after Fourier transformation along 
the angle axis, the spectrum components can also be used as the feature. We now use two 
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examples to illustrate the feasibility of the pattern recognition approaches. In both examples, 
the amplitude of the transfer function F\ i is used as the feature. 
The first example is a mid-ply misorienation problem, similar to that reported in 
reference 8. The laminate has a lay-up of [O3/0/O3], where Q is the unknown orientation of the 
mid-ply. To apply the pattern recognition approach, one can define 19 classes that have class 
centers Q (t = 1, 2, ..., 19) from 0° to 90° in steps of 5°. Any laminate that has a mid-ply 
angle 0 between Q - 2.5° and &, + 2.5° belongs to class i. Figure 1.11 gives a view of the 
pattern vectors for all classes. One can see that the pattern changes gradually as the pattern 
number increases. The distribution of the inter-class distances for all classes is shown in 
Figure 1.12. The inter-class distance is defined as follows 
d y  — x j ) ( x ,  - X j ) T  , (1-31) 
where x, and xj are the class centers of classes i and j, respectively, N is the dimension of 
the pattern vector and T denotes "transpose". This distance, instead of the Euclidean 
0 12 3 4 
Frequency (MHz) 
Figure 1.11. A 2D view of the spectra of all classes in the mid-ply mis-orientation problem 
for a laminate with a lay-up of [O3/0/O3]. 
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distance, is used to show the averaged difference per dimension for two different classes. 
From Fig. 1.12 one can see that the maximum distance is about 0.13 per frequency points, 
which is small compared to the unity input for each frequency point. Since the distance 
between a pattern and itself is zero, the points with minimum distances form a diagonal line. 
However, from Fig. 1.12, it can be seen that the region around the minimum-distance line is 
fairly flat. Therefore the classification performance is sensitive to any disturbance on the 
transmission signal since the disturbance can easily move the minimum-distance points off 
the diagonal line and thus misclassify the patterns. It can also be seen that in the middle, the 
small-distance region is quite narrow, but at the two corners the small-distance regions are 
wider. Therefore, one can predict that the classification success rate for patterns at the two 
comers, which correspond to the mid-ply angle near 0° and 90°, is relatively low. 
The second example is about stacking sequence. Figure 1.13 shows the amplitude of 
Fn for all the possible 8-ply cross-ply laminates that contain four 0° plies and four 90° plies. 
There are a total of 70 possibilities. Each pattern has an identification number, whose binary 
code encodes the lay-up. For example, if the pattern number is 23, then the binary code is 
1 3 5 7 9 11 13 15 17 19 
Pattern Number 
Figure 1.12. Inter-class distance distribution for classes in the mid-ply mis-orientation 
problem for a laminate with a lay-up of [O3/Q/O3]. 
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00010111 and the lay-up is [0/0/0/90/0/90/90/90] ("1" for 90° ply and "0" for 0° ply). Figure 
1.14 shows the distribution of the inter-class distance, whose definition is also given by Eq. 
(1.31). In Fig. 1.14, the minimum-distance diagonal line can be easily seen. The inter-class 
distance changes greatly for different classes, ranging from near zero to about 0.35. 
From the above two examples, one can see that the inter-class distance is generally 
rather small, which may make the classification difficult. Pattern recognition approaches 
usually require the prototypes for each possible class. The total amount of classes increases 
rapidly as the total number of ply increases. However, this approach may still be useful if 
one knows in advance that the total number of possibilities is limited and the purpose is to 
distinguish the laminates. In addition, the performance may be further improved by 
incorporating F22, F\2 and F2i properly, in addition to Fn. 
Experiments 
Extensive experiments were preformed in this work to verify the model and to test the 
effectiveness of using the shear wave transmission as a means for detecting the lay-up errors 
in composite laminates. In this section, a detailed description of the experimental system and 
its calibration procedure will be given first, followed by a description of the samples and a 
discussion about the experimental results. As it will be seen, the model works well for cured 
laminates and can also predict the main features of the results for uncured laminates. The 
angle-time patterns (or their equivalent angle-frequency patterns) with crossed transmitter 
and receiver EMATs show a good sensitivity to the lay-up errors in both cured and uncured 
laminates. 
Experimental system 
A computer-controlled motorized azimuthal EMAT scanner4 has been developed for 
the experimental verification of the analytical model. A schematic diagram of the EMAT 
scanner is shown in Fig. 1.15. Two stepper motors, controlled by a PC through a motor 
driver (Arrick, MD-2), are used to rotate the EMATs simultaneously. Both EMATs have a 
1.3"x0.7" flat spiral coil, a pair of 0.7"x0.35"x0.5" Nd-Fe-B magnets, a center frequency of 
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Figure 1.13. Spectra for all laminates that contain four 0° plies and four 90° plies. 
Pattern Number 
Figure 1.14. Inter-class distance distribution for all laminates that contain four 0° plies and 
four 90° plies. 
54 
Puiser 
Amplifier/Filter 
Motor Driver 
PÇ Parallel port 
EMAT Composite Aluminum 
Motor Laminate Block 
Figure 1.15. A sketch of the azimuthal EMAT scanner. 
about 1.3 MHz and a frequency bandwidth of about 1.0 MHz. The maximum angular 
resolution is 0.9°. The EMAT transmitter is driven by a burst puiser (Ritec, BP-9400). The 
composite sample is sandwiched between two aluminum blocks. For cured composite 
laminates, a shear couplant was used at the composite-metal interfaces. In the case of 
uncured laminates, no couplant was used and the shear wave can be coupled effectively via 
the pressure applied on the sample. Shear waves are generated and detected at the surfaces of 
the aluminum blocks by EMATs in a non-contact manner. Both transmitting and receiving 
EMATs are free to rotate without affecting the coupling conditions between the sample and 
the aluminum blocks. The transmitted signals, after being amplified and filtered, are fed into 
a data acquisition card (Gage, 12-bit, maximum sampling frequency: 100 MHz). Averaging 
(up to 256 times) was used to reduce the noise in the received signal induced by the currents 
in the stepper motors. A Windows™ program developed using Microsoft Visual C++™ is 
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used to control the measurement and data acquisition. The measured data are further 
analyzed using Matlab®. Under the computer control, the azimuthal scan can be done in 
either aligned or crossed configuration. A typical azimuthal scan can be done in about 3 
minutes. 
System calibration 
In the angular measurement, especially with crossed EMATs, the transmission signal 
is very sensitive to the orientation of the EMATs. It is therefore necessary to calibrate the 
polarization directions of the EMATs. The calibration procedure consists of two steps in 
order: the orthogonality calibration to ensure that the transmitter and receiver are normal to 
each other for crossed scans, and the system zero calibration to ensure that when the 
transmitter EMAT is at 0°, its polarization is along the zero degree direction of the system. 
To calibrate for orthogonality of the EMATs, a thin isotropic rubber sheet is used as 
the sample. With the transmitter held fixed, the receiver is rotated 360° and the transmitted 
signals are acquired and plotted as a function of the receiver angle (see Fig. 1.16). The 
computer then searches for the minimum of peak-peak amplitude of the acquired data. If 
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Figure 1.16. The orthogonality calibration of EMATs. 
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initially the two transducers are parallel to each other, the minima should occur at 90° and 
270°. If not, the angle of the receiver is adjusted by the proper correction to make it so. This 
step is repeated to make sure that the minima of the transmitted signal during the scan of the 
receiver are at 90° and 270°. This procedure is performed automatically under computer 
control and it usually takes 2-3 iterations to make the receiver EMAT accurately 
perpendicular to the transmitter. Figure 1.16 shows the angular scan results during an 
orthogonality calibration procedure. It can be seen that after two iterations, the minima of the 
peak-peak amplitude of the scan signal are at 90° and 270°. 
The system zero calibration is performed after the orthogonality calibration. A 
fiducial mark was made on one of the aluminum blocks to serve as the system zero. To align 
the transmitting EMAT with the system zero, a unidirectional composite laminate is used as 
the sample and is placed with the fibers in the system zero direction. Then the transmitter 
and receiver are rotated simultaneously in a crossed configuration. Since the transmitter and 
receiver are normal to each other, the received signal reaches a minimum when the 
transmitter is along the fiber direction. Based on this criterion, the transmitter and receiver 
are rotated simultaneously so that the transmitter EMAT is oriented along the system zero 
direction when this calibration step is done. 
Samples 
The laminates used in this work were fabricated using 1M7-8551-7A graphite/epoxy 
pre-preg tapes, manufactured by Hercules, Inc. The sample set contains both cured and 
uncured laminates. Solid laminates are cured in a heated press. To make the uncured 
laminates, the pre-preg is first warmed to room temperature and then cut and stacked by hand 
according to the required lay-up. The testing of uncured laminates is carried out right away 
while the laminate still has adequate "tack". The physical properties of the cured and 
uncured composites are measured using a 24-ply unidirectional laminate. For the cured 
laminate, the measured density, fast shear velocity, slow shear velocity and ply thickness are: 
p = 1.60xl03fcg/m3, v„ =1.89xl03m/5, vs2 =1.40xl03m/s, hj =1.30xl0~4m. 
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These values are used in the model calculation in Section I. For the uncured laminate, the 
measured density, fast shear velocity, slow shear velocity and ply thickness are 
p = 1.47xl03£g/m3, vJt = 1.43xl03m/.y, vj2 =1.25x103 m / s ,  h j  =1.46xl0"4/n. 
Both cured and uncured sample sets contain unidirectional, cross-ply and quasi-isotropic 
laminates, with and without various types of lay-up errors. 
Experimental results and discussion 
Model verification 
In the model of the transmission of the EMAT-generated shear waves, it is assumed 
that the transmitting and receiving EMATs are linearly polarized and any effects associated 
with their finite aperture were ignored. In order to test experimentally the validity of this 
assumption, we held the aluminum blocks together (without any sample) with shear couplant, 
held the transmitter fixed, and rotated the receiver to measure the amplitude of the 
transmitted signal. Figure 1.17 shows the measured peak-to-peak amplitude of the 
transmitted signal and its comparison with the model prediction based on the linear 
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Figure 1.17. Verification of linear polarization assumption of EMATs. 
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polarization assumption, which is simply |cos0R|. The excellent agreement between 
experimental and model results indicates that the linear polarization assumption is a very 
good approximation. The model was then tested for various types of laminates by comparing 
the experimentally measured signals with the model predicted time-domain signals. To 
generate a model-predicted time-domain signal, a reference transmission signal was first 
acquired with the EMAT transmitter and receiver aligned to each other and the two 
aluminum blocks coupled directly together with shear couplant. The FFT spectrum of the 
reference signal is then multiplied by the transmission coefficient (Eq. (1.20)) and the product 
is transformed back into the time domain through an inverse FFT. The experimentally 
obtained reference signal and its frequency spectrum are shown in Fig. 1.18. The reference 
signal has an effective frequency bandwidth of about 1.0 MHz. Using this reference signal, 
we now show the model verification for four different composite lay-ups. 
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Figure 1.18. The reference pulse (a) and its spectrum (b). 
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The first example is a 24-ply cured unidirectional graphite/epoxy laminate. Figure 
1.19 shows a comparison of the experimental waveforms and the model predictions for the 
four primary transmission signals vn, v2z, v\2 and v2\. It can be seen that the experimental 
results and the model predictions agree well with each other. The direct arrival pulse and its 
three-pass echo in the laminate can be clearly identified in both v\ i and V22- The fact that the 
experimental v12 and V2i are not strictly zero is mainly due to the transmitter being not 
exactly normal to the receiver and the imperfect alignment of the 24 plies. Figure 1.20 shows 
a comparison between experimental and model-predicted angle-time patterns for this 
laminate. In Fig. 1.20, (1-a) and (1-b) are experimental angle-time patterns for the aligned 
and crossed configurations, respectively; (2-a) and (2-b) are the synthetic patterns using the 
four experimentally obtained primary transmission waveforms according to Eq. (1.21); and 
(3-a) and (3-b) are model-predictions based on Eq. (1.18) using the reference signal only. It 
is clear that the three sets of patterns agreed with each other very well. 
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22 
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Time (gs) Time (p.s) 
Figure 1.19. Primary transmission waveforms for a 24-ply unidirectional graphite/epoxy 
laminate. Black line: experiment; gray line: model. 
60 
The second example is a cured graphite/epoxy laminate with a lay-up of [0/90]2s, 
except that the 4th ply was intentionally placed at 0°. The experimentally obtained primary 
transmission waveforms, Vu, v22, v12 and v2i, and their model predictions are shown in Fig. 
1.21. It is clear that the agreement was very good. Compared to the results in Fig. 1.19, the 
pulses here are not well separated because the laminate is thinner. The comparison for the 
Time (us) Time (us) 
Figure 1.20. Angle-time patterns for a 24-ply unidirectional graphite/epoxy laminate. (1-) 
experimental patterns; (2-) synthetic patterns based four primary waveforms; (3-) model 
prediction, (-a) aligned; (-c) crossed. 
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angle-time patterns is given in Fig. 1.22, where again the model prediction and experimental 
results agreed well with each other. In the experimental patterns, (1-a) and (1-b), the wave 
decays somewhat faster than the model prediction, mainly due to the material attenuation and 
beam spreading effects. 
The third example is a cured quasi-isotropic graphite/epoxy laminate with a lay-up of 
[0/45/90/-45]2S. Figure 1.23 gives the four experimentally obtained primary transmission 
waveforms and their model predictions. The model predicted that VI2 and V2i are equal and 
non-zero. Figure 1.24 shows the comparison between the experimentally obtained and 
model-predicted angle-time patterns for this laminate. From both Figs. 1.23 and 1.24, it can 
be seen that the model worked reasonably well for a quasi-isotropic laminate. 
The last example is an uncured 8-ply quasi-isotropic graphite/epoxy laminate with a 
lay-up of [0/45/90/-45]s- The comparison for the four primary transmission waveforms and 
the angle-time patterns is given in Figs. 1.25 and 1.26, respectively. For uncured laminates, 
the "tack' of the pre-preg material and the less intimate ply-ply interface contacts are 
expected to contribute to signal attenuation. Therefore, the discrepancies between the 
experiment and model in Figs. 1.25 and 1.26 are believed to come mainly from the ideal 
model assumptions that led to higher amplitudes and more prominent multiple echoes. Other 
than the difference in signal intensity, the model still predicted the angle-time patterns 
reasonably well. 
The above four examples, covering a variety of laminate lay-up designs, an 
intentional lay-up error, and both cured and uncured laminates, have amply demonstrated the 
agreement between the model prediction and the experimental results. In addition to the 
cases shown here, other lay-ups have also been studied, with similar agreement between 
experiment and model. The comparison between the experiment and model can also be 
conducted in the frequency domain using angle-frequency patterns, but it would be equivalent 
to the angle-time patterns. It seems clear that the model has correctly treated the major 
physical behavior governing the shear wave transmission in a laminated composite. Further 
improvements of the model should include the effects due to the material attenuation, the 
non-ideal interface conditions (especially that between the laminate and the metal), the beam 
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Figure 1.21. Primary transmission waveforms for a cross-ply graphite/epoxy laminate. Lay-
up: [0/90]as with the 4th ply at 0°. Black line: experiment; gray line: model. 
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Figure 1.22. Angle-time patterns for a cross-ply graphite/epoxy laminate. Lay-up: [0/90]2s 
with the 4th ply at 0°. (1-) experiment; (2-) model, (-a) aligned; (-b) crossed. 
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Figure 1.23. Primary transmission waveforms for a quasi-isotropic graphite/epoxy laminate. 
Lay-up: [0/45/90/-45]2s- Black line: experiment; gray line: model. 
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Figure 1.24. Angle-time patterns for a quasi-isotropic graphite/epoxy laminate. Lay-up: 
[0/45/90/-45]2s- (1-) experiment; (2-) model, (-a) aligned; (-b) crossed. 
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Figure 1.25. Primary transmission waveforms for an uncured graphite/epoxy laminate. Lay-
up: [0/45/90/-45]s- Black line: experiment; gray line: model. 
Time (us) 
Figure 1.26. Angle-time patterns for an uncured graphite/epoxy laminate. Lay-up: [0/45/90/-
45]s. (1-) experiment; (2-) model, (-a) aligned; (-b) crossed. 
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spreading and the responses of the EMATs. For uncured laminates, it could be challenging 
because the ply-to-ply interface conditions, shear wave velocities, ply thickness, and 
attenuation cannot be precisely characterized. 
Detection of lay-up errors 
The main motivation for using the transmission of linearly polarized, normal-incident 
shear waves in a composite laminate was to exploit the strong effects of fiber direction on the 
propagation of shear waves for the purpose of detecting errors or anomalies in the lay-up and 
stacking sequence of laminates.10,12 The availability of the analytical model, especially the 
one with a compact final expression in terms of quantities with tractable physical meaning, 
has proven to be of substantial value in predicting the detectability of various ply lay-up 
errors or stacking sequence anomalies. It was found that the angle-time patterns of the 
transmitted shear wave are able to show distinct changes when a number of likely and 
conceivable lay-up errors occurred. In this section we present examples of lay-up errors 
occurring in three different laminates, two were cured and one was an uncured laminate, and 
show the experimentally obtained angle-time patterns. To show the change, the patterns were 
given for both the case without error and the case with error. 
The first example was for a cured quasi-isotropic lamimate [0/45/90/-45]s and for the 
same laminate except with its 4th ply mistakenly placed at -+45°. The angle-time patterns are 
shown in Fig. 1.27, where (1-a) and (1-b) are for the aligned and crossed EMAT probes, 
respectively, for the error-free laminate, and (2-a) and (2-b) are for the laminate with its 4th 
ply placed at +45°. It was clear that the patterns obtained with the crossed EMATs were 
much more sensitive to the ply lay-up error than the patterns for the aligned EMATs. The 
fiber direction error for the 4th ply was easily detected. The second example was for an 8-ply 
uncured cross-ply laminate [0/90]2s- In Fig. 1.28, angle-time patterns obtained with crossed 
EMATs are given for the error-free case (a), for the case where the laminate was laid up 
asymmetrically [0/90]4 (b), when the second ply was misplaced at 0° (c), when the 4th ply was 
misplaced at 0° (d), when the first two plies were interchanged (e), and when the 3rd and 4th 
plies were interchanged (f). When the symmetric laminate [0/90] ?s was made asymmetric 
[0/90]4, the amplitude of the transmitted signal decreased dramatically. In fact, because of 
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Figure 1.27. Angle-time patterns for a quasi-isotropic laminate with and without single-ply 
misorientation. Lay-up: [0/45/90/-45]s- (1-) without errors; (2-) with the 4th ply at +45°. (-a) 
aligned; (-b) crossed. 
the special properties of the ply lay-up [0n/90m]n (where m, n are positive integers), the 
crossed angle-time pattern of [0/90]^ should have zero amplitude everywhere. The fact that a 
weak but none-zero angle-time pattern was observed can be attributed to a number of non-
ideal conditions including imperfect alignment of the plies, imperfect orthogonality between 
the transmitting and receiving EMATs, beam spreading and others. Patterns (c), (d), (e) and 
(f) show that not only the errors were detectable, but the angle-time patterns were sensitive to 
the depth of the misoriented or interchanged plies. The fact that all five lay-up errors gave 
different angle-time patterns was quite encouraging in terms of flaw characterization. The 
final example was for an 8-pIy uncured quasi-isotropic laminate [0/45/90/-45]$. When the 
laminate lay-up was correct, the angle-time pattern is shown as (a) in Fig. 1.29. When the 4th 
ply was mistakenly placed at 0° and 90°, the resulting patterns showed discernable changes, 
as shown by (b) and (c) of Fig. 1.29, respectively. When the laminate was laid up as 
[0/45/90/-45]2 without a mirror symmetry with respect to the mid-plane, the resulting angle-
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Figure 1.28. Crossed-EMAT angle-time patterns for uncured graphite/epoxy laminates with 
and without various types of lay-up errors. Lay-up: [0/90]2s- (a) without errors; (b) [0/90]4; 
(c) ply 2 is placed at 0°; (d) ply 4 is placed at 0°; (e) plies 1 and 2 are exchanged; and (f) plies 
3 and 4 are exchanged. 
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Figure 1.29. Crossed-EMAT angle-time patterns for uncured graphite/epoxy laminates with 
and without various types of lay-up errors. Lay-up: [0/45/90/-45]s. (a) without errors; (b) ply 
4 is placed at 0°; (c) ply 4 is placed at 90°; (d) [0/45/90/-45]2-
time pattern, (d) in Fig. 1.29, was characteristically different. The patterns in Fig. 1.29 
showed again that the angle-time patterns for crossed EMATs were sensitive to both ply 
misorientation and stacking sequence errors. 
Summary and Conclusions 
The effects of fiber orientations on normal-incident shear waves propagating through 
composite laminates have been studied both theoretically and experimentally. A complete 
analytical model has been established and explicit expressions have been derived for the 
shear waves transmitted through a laminate with an arbitrary lay-up and for arbitrary 
transducer orientations. Extensive model calculations have been made to investigate the 
sensitivity of the transmitted shear waves to errors in ply lay-up. A motorized EMAT scan 
system has been developed for the experimental verification of the model. Experimental 
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results were obtained for a number of possible errors in both cured and uncured composite 
laminates. The experimental results showed generally good agreement with model 
predictions. The transmitted shear wave signals were displayed as angle-time patterns with 
the transmitting and receiving EMATs either parallel to each other (aligned) or perpendicular 
to each other (crossed). Changes of these patterns due to different lay-up errors were 
observed. Based on the model studies and experimental results described above, we can 
draw the following conclusions about using the shear-wave transmission technique for lay-up 
characterization in composites: 
1) Transfer functions contain all the information obtainable from the 
transmission measurement. The minimum measurement data are the four primary 
transmission waveforms at 0° and 90°. The transmission measurement results for 
other orientations of the transmitter and receiver are derivable from the primary data 
and are therefore redundant. 
2) The angle-time pattern or the angle-frequency pattern may serve as a sensitive 
and reliable means for indicating both ply misorientation and stacking sequence 
errors. The pattern for crossed EMATs is especially sensitive to lay-up errors in the 
laminate, but the crossed pattern alone does not provide the complete information for 
ply lay-up characterization. 
3) The shear wave transmission method is based on mode conversions between 
fast and slow shear waves and shear wave resonances in the laminate. It is by nature 
an indirect method for lay-up characterization. There is no simple and unique 
relationship between the lay-up and the transmission data. A general and complete 
lay-up inversion based on the transmitted shear wave signal is expected to be difficult. 
However, pattern recognition approaches may help to solve the inverse problem when 
the total number of possibilities is small and known. The transfer functions or the 
four primary transmission waveforms can be used as feature vectors for classification. 
4) In terms of developing nondestructive evaluation techniques for composite 
laminates, normal incidence shear wave transmission has proven to be a fruitful area 
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for research. The method developed thus far holds considerable potential for 
manufacturing process monitoring and quality assurance for composite laminates. 
Although this work was aimed specially at EMAT-generated shear wave 
transmission, a similar analysis can be applied to shear wave measurements using contact 
mode transducers. Further work should include an investigation for the feasibility of using 
the shear wave pulse-echo reflection method for lay-up characterization in laminates, for 
which only a single-sided access is needed. Future research should also investigate the 
application of this technique to the class of composites that contain woven fiber architecture. 
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Abstract 
Ultrasonic velocity is widely used in the investigation of material properties. 
Physical dimensions such as sample thickness and surface profile can also be the information 
sought after in nondestructive testing. In a conventional ultrasonic measurement, however, 
the measured quantity is usually the time-of-flight, not velocity or thickness. When either 
velocity or thickness is precisely known, the other can be easily deduced. Unfortunately in 
many cases, neither the velocity nor the thickness is known to the required precision, or they 
can both vary spatially. A method is therefore needed to map out the spatial distribution of 
the velocity and thickness simultaneously. The ability to image the surface profiles that give 
rise to the thickness variation is also desirable. Simultaneous velocity and thickness scan can 
be implemented in a number of configurations and have been reported by a number of 
authors in the literature. This paper focuses on the ability of this technique to image very 
small changes in velocity and thickness simultaneously. This technique is also extended to 
map out the surface elevation contours and cross-sectional profiles of a sample. Special 
considerations for achieving accurate and reliable velocity, thickness and profile images are 
discussed in detail. This technique for nondestructive evaluation and material 
characterization is then demonstrated using three industrially relevant materials: (1) plasma 
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sprayed thermal barrier coating, (2) composite laminates containing foreign objects and 
anomalies, and (3) creep/rupture tested superalloy samples. 
Keywords: ultrasonic velocity measurement; thickness gauging and profiling; ultrasonic 
imaging. 
Introduction 
Ultrasonic velocity has been used extensively in nondestructive evaluation (NDE) to 
characterize material properties. For a plate of uniform and known thickness, the usual 
ultrasonic scan based on the time-of-flight (TOF) of ultrasonic pulses can provide a spatial 
image ("C-scan") of the velocity. However, there are numerous cases where the thickness of 
the sample is non-uniform or cannot be accurately measured, then it is necessary to separate 
the contribution of the velocity and the thickness of the sample in the TOF image and 
determine the spatial variation of the velocity and the thickness simultaneously. Such a 
capability can serve as a useful NDE tool for cases where a component in service has 
suffered changes in both thickness and material property. It can also be applied to cases 
where the velocity is only known approximately and the precise spatial variation of the 
thickness or the surface profile of the component are the information sought after in the NDE 
test. There is clearly a need to develop the ability for mapping out the spatial variation of the 
ultrasonic velocity and material thickness simultaneously in an ultrasonic scan measurement. 
The Simultaneous Velocity and Thickness (SVT) method has been developed over 
the last 15 years or so by a number of researchers for various NDE1"3 and medical ultrasonic4 
applications. The SVT scan can be done in immersion using a transmission setup or a pulse-
echo setup with the aid of a reflector behind the sample. Automated scans of the SVT 
method have been reported for both plate5 and cylindrical6 geometry; the technique can also 
be implemented using squirters3 outside an immersion tank. In most cases the velocity was 
deduced from the TOF data acquired using peak detection, but Fourier transform and the 
phase of the signal have also been used.2 Recently the SVT method has been expanded to 
include dispersion effects and to provide the ultrasonic attenuation.7 Applications of the SVT 
scan method to industrial materials and components have been reported as well.6,8 
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In this paper, the pulse-echo mode of the SVT scan technique was implemented using 
a commercial ultrasonic immersion scan system to map out minute changes in ultrasonic 
velocity and sample thickness. This technique was also extended to generate the surface 
elevation contours and cross-sectional profiles. Special cares were exercised in order to 
achieve high accuracy and precision. Such a Simultaneous Velocity, Thickness and Profile 
(SVTP) imaging technique was first demonstrated using an aluminum test sample with 
machined surface contours and constant material properties. The demonstration of the high 
precision scan capability was then conducted on a thick rolled aluminum plate for which the 
thickness image was compared with direct micrometer measurements; experimental results 
showed that an accuracy of the order of 0.1% can be achieved. The SVTP technique was 
also applied to detect small changes in velocity, thickness and profiles of three industrially 
relevant materials: (1) plasma sprayed thermal barrier coating, (2) carbon epoxy composite 
laminates containing foreign objects and anomalies, and (3) creep/rupture tested superalloy 
samples. The imaging results were interpreted from nondestructive evaluation and material 
characterization perspectives. 
Measurement Method 
Basic principle 
The simultaneous velocity and thickness determination for samples of unknown 
velocity and thickness is accomplished in a pulse-echo setup with the aid of a reflector plate 
or in a through-transmission setup with two transducers. The velocity and thickness are both 
computed from the times-of-flight (TOF) of various echoes and the speed of sound in water. 
At least four different configurations can be used in a SVT measurement.3 Among various 
SVT configurations, the pulse-echo setup has the advantage of simplicity because it uses only 
one transducer and the scan is made from one side, albeit the need for a reflector behind the 
sample. In this work, all measurements were made in the pulse-echo mode with a reflector 
plate. 
As shown in Fig. 2.1 (a), when the transducer is positioned at a given location over 
the reflector plate and operates in the pulse-echo mode, two rf waveforms are of interest, as 
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Figure 2.1. The pulse-echo measurement configuration (a) and typical received waveforms 
(b) for simultaneous determination of ultrasonic velocity, sample thickness and surface 
contours. 
shown in Fig. 2.1 (b), respectively when the sample is in the ultrasonic path (solid curve) and 
when the sample is not in the path (gray curve). Without the sample in the path, the 
transducer receives an echo from the reflector, which is labeled w in Fig. 2.1 (b). When the 
sample is in the path, the transducer receives multiple echoes due to reverberation in the 
sample and multiple echoes bounced off the reflector plate, also with reverberation in the 
sample. As shown in the solid curve in Fig. 2.1 (b), the first set of echoes, labeled 1, 2, 3, ..., 
are directly from the sample, and the second set, labeled mi, m2, mg,..., are from the reflector. 
More sets of echoes may be observable in the later time range. Consecutive echoes in each 
set have the same time separation that is determined by both ultrasonic velocity and sample 
thickness. When the sample thickness is large or the distance between the sample and the 
reflector is small, the two sets of echoes may have some overlap. However, echo mi can 
always be easily identified because it has the opposite polarity to all the echoes in the first set 
except the front surface echo, echo 1. It has been shown in reference (3) that by measuring 
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tu t2, fmi, and rw, respectively the TOF for echoes 1, 2, mi and w, the longitudinal wave group 
velocity, v, and the thickness, d, at the local position of the sample can be determined 
simultaneously according to the following two equations: 
d = (vlv/2)[(riv -fml)+(f2-0L (2.2) 
where vw is the sound velocity in water at the temperature of the experiment, which can be 
found from a number of references in the literature,(9) or be predetermined. Note that the 
four times-of-flight are gouped into differences of time; this is advantangeous as any 
uncertainties in the zero of time due to the unknown triggerring instant and the signal delay 
in the electronic measurement system will be subtracted out. 
The TOF of the front surface echo can be used to determine the distance between the 
transducer and the front surface of the sample, dp, as follows, 
dF = ^ -vwr,. (2.3) 
Because the sample thickness d has already been obtained from the SVT measurement (Eq. 
(2.2)), the distance between the transducer and the sample's back surface, ds, can also be 
easily deduced using the relationship: 
d B  —d F  + d  .  (2.4) 
The above two distances are used to produce the sample's surface contours and cross-
sectional profiles, as we will see in the next section. For such purposes, the unknown zero-
of-time in measured t\ is not important because it will not affect the shape of the surface 
contours and the cross-sectional profiles. 
Velocity, thickness and profile imaging 
The basic principle described in the previous section is for single-location 
determination of the velocity, thickness and positions of the front and back surfaces of the 
sample. Based on the same principle, images of velocity, thickness and sample surface 
contours can be generated by scanning the transducer and collecting data at different 
locations. As shown in Fig. 2.2, after the transducer is scanned over an rectangular area (the 
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case of circular turn-table scan can be discussed in a similar manner), all the locally 
measured longitudinal wave velocities and thicknesses respectively form the velocity image, 
v(x, y), and the thickness image, d(x, y). The measured local distances between the 
transducer and the front and back surfaces of the sample (Eqs. (2.3) and (2.4)) respectively 
give the front surface contour, spCc, y), and the back surface contour, y), according to 
sF(x,y)=-dF(x,y) + d0, (2.5) 
s B ( x >y)  =  -d B ( x , y )  +  d 0  =s F ( x , y ) -d (x , y ) ,  (2.6) 
where do is a constant value that corresponds to the distance between the scan plane and a 
reference point, OR. The reference point is chosen for the convenience of viewing the scan 
results; it does not change the shape of the surface contours. We often use the position of the 
top surface of the sample at the scan start location as the reference point. The negative 
distances are used in the above equations so that the positions of both the front and back 
surfaces are consistent with the definition of the reference coordinate system x-y-z shown in 
Fig. 2.2. Once the surface contours are obtained, the cross-sectional profiles are generated 
from the two surface contours according to a particular cross-sectional cut. 
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Figure 2.2. The geometric configuration for the SVTP imaging of material samples. 
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The above simultaneous velocity, thickness and profile imaging measurement can be 
conveniently implemented in most commerical ultrasonic scan systems with some additional 
processing of the obtained data. In an ultrasonic scan, the transduer is usually scanned in a 
"raster" fashion. At every scan position, the scan system digitizes the ultrasonic signal, uses 
gates to locate and get the features (such as TOP) from the various ultrasonic echoes, and 
converts the features into dititized data. After the scan, the data for every feature are saved in 
image files with a format specified by the scan system. To perform simultaneous velocity, 
thickness and profile imaging, we first place the sample and make a "sample" scan (TOP 
scan with the sample in the ultrasonic path) to get the TOP images for echoes 1, 2 and m\. 
Then we remove the sample and make a "reference" scan (TOP scan without the sample in 
between the transducer and the reflector) to get the TOP image for echo w. Finally, we read 
the output image files from the above two steps, convert the image data back to times of 
flight for each echo based on the gate setting, and calculate the images of velocity, thickness, 
and surface contours according to Eqs. (2.1), (2.2), (2.3), (2.5), and (2.6). The sample cross-
sectional profile images are further generated from the surface contour images. 
Experimental considerations 
Although the above measurement principle and procedure for the SVTP imaging 
technique are quite straightforward, special attentions must be given to the following items in 
order to efficiently achieve accurate and reliable images of the velocity, thickness and sample 
profiles. 
Gate settings 
An ultrasonic scan system typically uses gates to select ultrasonic pulses and acquires 
features such as TOP and amplitude. It is of obvious importance that in a SVTP 
measurement all the measured TOFs, including tu t2, and rmi in the "sample" scan and tw in 
the "reference" scan, must have a common zero-time reference. A simple way to ensure this 
is to not use any follower gate. Gate length is also an important parameter. A gate must be 
long enough to cover the possible TOP variation of the selected echo during the scan. A 
gate, however, should not interfere with the neighboring gates and should not be too long. 
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An excessively long gate degrades the time resolution of the TOF measurement because the 
scan system converts the times of flight relative to the starting time of the gate into values of 
finite word length and stores them in the output TOF image. For example, if the sampling 
frequency of the analog-digital converter (A/D) in the scan system is 100 MHz, then the 
sampling time resolution is 10 ns. An 8-bit gate converts the TOF of the gate length into the 
8-bit data. If the gate length is 1 /us, the gate conversion time resolution is 3.90 ns (1.0/28 
fis). The overall time resolution is determined by the larger of the A/D sampling time 
resolution and the gate conversion time resolution. If the gate conversion time resolution is 
less than the A/D sampling time resolution, the gate length is not too long (such as in this 
case); otherwise the overall time resolution degrades. In this case the maximum gate length 
without degrading the sampling time resolution is 2.56 fis (10 nsx28). If the A/D sampling 
time resolution has to be maintained and an 8-bit gate is not long enough to cover the TOF 
variations, a 16-bit gate can be used.6 When such a feature is not available in the scan 
system, one can use two or more sets of gates to respectively map different ranges of 
velocity, thickness and profiles. 
Peak detector settings 
There are a number of timing methods for the TOF measurement in a commercial 
ultrasonic scan system. The commonly-used ones are "positive" peak, "negative" peak, 
"absolute" peak and leading edge. The peak of the cross-correlation between two echoes and 
the "pulse-overlap" method3 can also be used to get their time difference. In addition, it is 
also possible to calculate the phase spectra of different echoes to get the phase velocity 
spectrum.2 However, the latter approach requires a considerable amount of data storage 
because the rf waveforms need to be stored for each scan position. A detailed discussion 
about the various timing methods applied to the SVT measurement can be found in reference 
(6). In the present work, the peak method, either "positive" peak, "negative" peak or 
"absolute" peak, has been used. The main advantage of such a timing method is its 
simplicity. Peak detection is a fundamental feature supported by all ultrasonic scan systems. 
It does not require a great amount of data storage and the data processing is straightforward. 
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This method is also reasonably robust provided that the attenuation and material thickness 
are not prohibitively large, as will be demonstrated in the "results and discussion" section. 
When the "positive" peak detection is chosen, the TOF of the largest positive peak in 
the gate is recorded; similarly for the "negative" setting. The "absolute" setting records the 
TOF of the peak whose absolute amplitude is the largest in the gate. One must therefore be 
careful about the polarity of the peak detection setting to ensure that the TOF of the correct 
peak is recorded and used in the velocity, thickness and profile calculation. Because the 
acoustic impedance of the sample is usually higher than that of the coupling fluid, echoes 1, 
2, and wi are expected to be respectively "negative", "positive" and "negative", when the 
incident pulse is "positive". In actual measurements, the shape and bandwidth of the echoes 
can be changed because of material attenuation, dispersion and geometric effects on the 
ultrasonic beam caused by sample surface curvatures. When the sample material has low 
attenuation and dispersion and the sample has no dramatically irregular cross-sectional 
shapes, each echo should have a well-defined peak of the proper polarity. The "absolute" 
peak detection would be the best choice for such a situation because it would always locate 
the dominant peak of the correct polarity within the gate and no special attention is needed 
for the pulse polarity. The choice of peak detector setting becomes particularly important 
when the sample material is highly attenuative and dispersive. For such samples, the echo 
waveform may have comparable positive and negative peaks due to the pulse distortion. If 
the "absolute" peak detection were used, the peak chosen for the TOF measurement may 
switch back and forth between the positive and negative peaks, depending on the noise and 
other non-ideal factors. Such switching can cause considerable noise in the resulting 
velocity, thickness and profile images. Figure 2.3 illustrates such a case. In Fig. 2.3, the 
correct polarity of the pulse is negative, as shown by the solid line. Without noise, an 
"absolute" peak detector would choose the negative peak for the TOF measurement. But 
with a minor distortion, shown as the gray curve, an "absolute" detector would choose the 
positive peak for the TOF measurement, whereas a "negative" detector would still locate the 
negative peak (the correct peak) for the TOF measurement. Therefore, in cases where the 
waveform is noisy but the anticipated peak polarity is known, it is important that the correct 
peak polarity be selected and that the "absolute" peak detection should be avoided. 
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Figure 2.3. Peak detection on pulses with distortion (gray curve) and without distortion 
(solid curve). 
Effects of geometric setup 
The measurement configuration shown in Fig. 2.2 is an idealized setup. It assumes 
that the scan surface is planar and that the transducer moves to exactly the same spatial 
position in the "sample" scan as in the "reference" scan. It further assumes that the 
transducer is normal to the x-y plane and remains so during the scan; that the sample is 
essentially parallel to the x-y plane; that the reflector is flat and parallel to the x-y plane and 
that its position and orientation are unaffected by the placement and removal of the sample. 
In reality, there could be a number of non-ideal conditions in the measurement setup, as 
shown schematically in Fig. 2.4 (a). These non-ideal conditions can cause measurement 
errors to an unacceptable degree; it is therefore important that we pay attention to the effects 
of the non-ideal geometric conditions on the measurement results. 
(1) Scan surface. As shown in Fig. 2.4 (b), the locus of the transducer surface in a 
scan forms the scan surface ss. Ideally such a surface should be a rectangular plane, but in 
reality it can have a non-planar profile, ss (x, y), due to static factors such as the droop of the 
scan bridge, and dynamic factors such as the vibration of the search tube and the eccentricity 
of the roller and guide. If we ignore the change of the transducer orientation due to such a 
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Figure 2.4. Geometric effects on the results of the SVTP imaging: (a) a non-ideal 
measurement setup, (b) scan surface profile, (c) transducer misorientation, (d) a tilted sample 
orientation, and (e) reflector surface profile. 
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profile and assume that the transducer is always parallel to the z axis in the scan, Eqs. (2.5) 
and (2.6) then become, 
s F  ( x , y )  =  s F 0  (x, y )  -  s s  (x, y ) , (2.7) 
sB (x, y) = sBo (x, y) - (x, y) , (2.8) 
where sF0(x, y) and ss0(x, y) are respectively the measured front and back surface contours 
if the scan surface were a horizontal plane. We can see that the scan surface profile directly 
affects the results of the front and back surface contours of the sample because both of them 
use the scan surface as a reference. The scan surface profile, however, does not affect the 
velocity and thickness results as long as the scan surfaces in the "sample" scan and the 
"reference" scan are the same. If not, it can be shown that the measured thickness image, 
d ( x ,  y ) ,  h a s  t h e  f o l l o w i n g  r e l a t i o n s h i p  w i t h  t h e  a c t u a l  t h i c k n e s s ,  d Q ( x ,  y ) ,  
d (x ,  y )  =  d 0  (x, y) + ,y'5 (x, y )  - (x, y ) , (2.9) 
where ss (x, y) and s's (x, y) are the scan surfaces in the "sample" scan and the "reference" 
scan, respectively. Because the time difference between consecutive echoes from the plate is 
not affected by the difference between ss (x, y) and s's (x, y), the measured velocity image, 
v(x, y), has the following relationship with the actual velocity image, v0 (x, y), 
v(x, y )  =  v0 (x, y ) .  (2.10) 
d 0 ( x , y )  
The measured thickness and velocity therefore have the same percentage of changes caused 
by the ^reproducibility of the scan surface. A flat, stable, and reproducible scan system is 
important in achieving high precision velocity, thickness and profile images. 
(2) Transducer orientation. As shown in Fig. 2.4 (c), the transducer may not be 
normal to the x-y plane but could be titled at a small angle a. An exact analysis of such a 
transducer mis-orientation on the measured velocity, thickness and sample surface contours 
is complicated because many factors such as transducer beam characteristics, reflection and 
transmission at various interfaces, thickness variations, material property variations, and 
measurement system efficiency factors need to be considered. To get an idea about how 
much the transducer orientation affects the peak-based TOF measurement, we made a simple 
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pulse-echo measurement using a flat reflector and a 10 MHz planar transducer with a 
diameter of 12.7 mm. The transducer was rotated and the amplitude and TOF of the negative 
peak of the received echo signal were recorded. Figures 2.5 (a) and (b) respectively present 
the measured amplitude and TOF as a function of the transducer orientation angle, 
normalized by the value when the orientation angle is zero (normal incidence). It can be seen 
that near normal incidence the echo amplitude is very sensitive to the transducer orientation 
angle while the TOF is not. When the transducer orientation angle changes from 0 to 0.5 
degree, the normalized amplitude drops rapidly from 1 to about 0.2 but the change of the 
normalized TOF is less than 0.005%. Beyond 0.5 degree, the echo waveform shows 
significant distortion and the normalized TOF appears to follow the prediction based on a 
simple acoustic ray analysis: 
tof {a) =_L_ = 1+la2 (2.11) 
tof(0 ) cos a 2 
A high-frequency planar transducer has a very strong directivity function. For focused 
transducers, both the amplitude and TOF are expected to be less sensitive to transducer 
orientation. Transducer mis-orientation can be due to the initial transducer misalignment, the 
profile of the scan surface, and the vibration of the search tube. The initial misalignment 
should be easily avoided by adjusting the transducer orientation to maximize the echo 
amplitude from the reflector. Properly chosen scan velocity and acceleration settings can 
help to reduce the vibration effects. 
(3) Sample orientation. The effect of the sample tilting, as shown in Fig. 2.4 (d), is 
similar to the effect of the transducer orientation as we have discussed above. It affects not 
only the velocity and the thickness but also the front and back surface contours. Sample 
should be placed such that it is essentially parallel to the scan surface despite the small 
variations in both front and back surface contours. Especially in measurements with high 
frequency planar transducers, the sample should be as level as possible to avoid pulse 
distortion and TOF measurement errors. 
(4) Reflector. The reflector surface should be flat and rigid. A block of metal with a 
polished surface usually serves as a good reflector. The reflecting surface should also be 
parallel to the scan plane. In practice it is convenient to place the reflector on a tripod 
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Figure 2.5. Effects of the transducer orientation on the pulse-echo received voltage: (a) 
amplitude and (b) time of flight. 
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platform with adjustable legs for easy tilt adjustment. If the reflector is not flat, as shown in 
Fig. 2.4 (e), the effect is essentially the same as the effect of transducer orientation discussed 
in (2) above except that the front surface contour result will not be affected. A more 
frequently encountered problem in measurements is that the position and angle of the 
reflector could be slightly disturbed due to the placement and removal of the sample. When 
this happens, it can be shown that 
d(x, y) = d0 (x, y) + sR (x, y)-s'R (x, y) , (2.12) 
where sR(x,y) and s'R (x,y) are the reflector surfaces in the "sample" scan and the 
"reference" scan, respectively. The effect on the velocity can be estimated using Eq. (2.10). 
The front surface contour will not be affected. In measurements where highly accurate 
results are required and the sample is heavy, it is important to make sure that the disturbance 
of the reflector due to sample placement and its loading effect is kept at a very minimum. 
Sound velocity in water 
From the equations for calculating the velocity, thickness and surface contours, such 
as Eqs. (2.1), (2.2), (2.3), (2.4) and (2.6), we can see that all the calculated results are 
proportional to the sound velocity in water. An inaccurate value of the sound velocity in 
water would therefore directly affect the calculated results. For example, the sound velocity 
in distilled water is 1482.2 m/s and 1493.9 m/s, respectively at 20.0 °C and 24.0 °C.9 The 
percent difference between these two velocities is about 0.8%. The difference caused by a 
temperature variation of one-tenth of one degree Celsius in this temperature range is about 
0.02%. Therefore in the measurements where accurate absolute values of velocity, thickness 
and surface contours are required, it is important to measure the water temperature in 
experiment to one-tenth of a degree Celsius and use the corresponding sound velocity in 
water. 
An alternative way of choosing echoes 
From the term % - *i in Eqs. (2.1) and (2.2) one can see that only the time difference 
between two consecutive echoes from the sample is required. In principle, such a time 
difference can be measured using any pair of consecutive echoes in the first and second sets 
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shown in Fig. 2.1 (b). Particularly, if echoes mi and m% are chosen to obtain the time 
difference, Eqs. (2.1) and (2.2) become, 
If the purpose of the measurement is only to get the velocity and thickness images, it is 
advantageous to use echoes mi and m2 instead of echoes 1 and 2 for the following reasons. 
First, we now only need to acquire, store and process three TOFs, rml, t^a and rw, instead of 
four TOFs that are required in Eqs. (2.1) and (2.2). Second, mt and m2 are of the same 
polarity, while echoes 1 and 2 have opposite polarity. Third, the TOFs of echoes mi and m2 
are not sensitive to the distance between the transducer and the sample. When the sample 
shifts along the beam direction, the TOFs of echoes mt and m2 remain unchanged while those 
of echoes 1 and 2 change proportionally. Such a difference becomes important when the 
sample itself is slightly bent or is placed tilted in the measurement. In such cases, even if the 
sample thickness and velocity are uniform, the bending or tilting of the sample can cause 
echoes 1 and 2 to move out of their gates and thus renders the measurement invalid. This 
problem is most prominent when we scan a large area of sample or make a circular turn-table 
scan: it may be difficult to align the sample to keep echoes 1 and 2 in their gates. However, 
when echoes mi and m2 are used in the measurement, the sample level adjustment (or the 
concentric alignment in a circular turn-table scan) is much less critical and is therefore easier 
to achieve. Finally, the amplitudes of echoes mi and m2 are usually much smaller than those 
of echoes 1 and 2. It is often difficult to have adequate gain for echo mi without saturating 
echoes 1 and 2. By using only echoes mi and m2, this dynamic range problem can be 
avoided. The above advantages make echoes mi and m2 good candidates for the SVT 
measurement in many situations. However, it should be also noted that echoes mi and m2 
may not be suitable for measurements on samples with high attenuation and dispersion. 
Because the waves for echoes 2 and mi have propagated through the sample only twice while 
echo m2 four times, echo m2 has usually suffered more severe pulse distortion than echoes 2 
and mi. Also, when the sample material is attenuative and dispersive, echo m2 may not have 
(213) 
d = {vwI2)[(zw -tml )+ (rm2-tml )]. (2.14) 
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a dominant peak with a well-defined polarity while echoes 2 and m\ may still maintain a 
dominant peak with a well-defined polarity. In that case, echoes 1, 2, and m\ would still be 
the better choice for getting low-noise velocity and thickness images. 
An alternative to a reflector plate 
The pulse-echo mode of SVTP scan can be implemented in an alternative 
measurement setup. Instead of using a large reflector plate and making a reference scan, a 
small reflector barely large enough to intercept the entire ultrasonic beam may be used. This 
small reflector is positioned at the desired distance from the transducer, orientated 
perpendicular to the beam, and "ganged together" with the transducer via a U-shaped yoke. 
The depth of the yoke should be sufficient to accommodate the sample size and the sample 
may be mounted horizontally or vertically. During a SVTP scan, both the transducer and the 
reflector move together to collect data at different scan positions. There are several 
advantages in this alternative setup. First, the reflector will always remain perpendicular to 
the beam and the alignment is unaffected by the placement or removal of the sample. 
Second, because the distance between the transducer and the reflector is fixed, rw is not a 
function of scan position. There is therefore no need for a "reference" scan; a single TOF 
measurement for rw and a "sample" scan will provide all the times of flight needed for 
constructing the velocity, thickness and surface profile images. This method can applied 
equally well to the scan of flat plates and circular cylinders. An obvious limitation of this 
setup is that the sample size will be limited by the length of the U-shaped yoke. 
Results and Discussion 
In this work the SVTP imaging technique was implemented with a Sonix ultrasonic 
immersion scan system. The maximum real time sampling frequency of the system was 100 
MHz and the gates were 8-bit. The pulser/receiver used in the measurement was a 
Panametrics 5052 PR. A titanium metal block with a polished surface was used as the 
reflector. It was placed on a tripod platform for easy level alignment. The spatial resolution 
of the scan was usually set to 0.01 inch (2.54 mm) or 0.02 inch (5.08 mm). The water 
temperature was measured to one-tenth of a degree Celsius in the measurement. The 
90 
obtained TOF images were processed and plotted using the software package MATLAB 
(Math Works, MA). 
In the following, the ability of the SVTP imaging technique to generate high-
precision velocity, thickness, and profile results was first demonstrated using two aluminum 
samples with surface features and constant material properties. The SVTP imaging 
technique was then applied to three industrial material systems using samples with spatially 
varying ultrasonic velocity and/or thickness and profile to demonstrate its value in 
nondestructive testing and material property characterization. The three materials were: (1) 
plasma sprayed thick thermal barrier coatings that were mixtures of metal (NiCrAlY) and 
ceramics (Zirconia), (2) woven carbon epoxy laminates containing various foreign objects 
and anomalies, and (3) mechanically creep/rupture tested, nickel-based superalloy samples. 
Validation of the technique 
The simultaneous velocity and thickness imaging capability of a pulse-echo SVT 
setup has been demonstrated by a number of authors.5"8 Here we first demonstrate an 
extended capability of this technique: sample profile mapping. We machined an aluminum 
test sample with a dimension of 101.6 mm x 50.9 mm x 9.50 mm. The sample had designed 
recess on both the front and back surfaces. As shown in Fig. 2.6, the sample's front surface 
had a 12.7-mm wide, 1.35-mm deep rectangular groove and an 18.9-mm diameter, 0.76-mm 
deep circular indent. The back surface had a 25.4-mm wide, 1.53-mm deep rectangular 
groove and a 12.6-mm diameter, 1.02-mm deep circular indent. The sample surfaces were 
not polished. 
In the SVTP measurement, the sample was placed on two 0.65-mm diameter steel 
rollers, which are attached at the two bottom corners of the sample and rest on the reflector 
plate. The SVTP scan was performed with a spherically focussed transducer (Panametrics 
V311, 10 MHz central frequency, 12.7 mm in diameter, and 101.6 mm in focal length) at a 
step size of 0.01 inch (2.54 mm) in both x and y directions. The sample was placed in the 
focal zone. The resulting images for the velocity, thickness, front surface contour and back 
surface contour are given in Figs. 2.7 (a), (b), (c) and (d), respectively. A sketch of the top 
view of the sample contour was superimposed on all the figures as dotted lines for 
91 
Back, Front, 
101.6 1-35 deep 1.53 deep 
Front, 18.9 
diameter, 0.76 
/ deep 
25.4 50.9 
17.1 12.5 
V V 
>l<>fc : 
6.35 12.7 Back, 12.6 diameter, 1.02 deep 12.7 25.4 
Figure 2.6. A drawing of the aluminum sample used to test the SVTP imaging technique. 
The thickness of the sample is about 9.50 mm. All the dimensions are given in millimeters. 
geometrical comparison. As expected, the velocity image (Fig. 2.7 (a)) shows that the 
sample had a uniform velocity distribution and the value was consistent with that measured 
by conventional methods. It should be noted that the corners at the grooves and indents 
disrupted the ultrasonic beam and led to edge effects; also the data were invalid at the two 
ends over the support rollers. The thickness image given in Fig. 2.7 (b) shows clearly that 
the sample had four distinctly different thickness regions. However, based on the thickness 
image alone, one would not be able to determine whether such thickness variations were due 
to the displacement of the front surface or the back surface, or both. The resulting front 
surface contour image, as shown in Fig. 2.7 (c), shows that the sample's front surface had a 
rectangular groove and a circular indent. The resulting back surface contour image (Fig. 2.7 
(d)) indicates that the back surface had a wider rectangular groove and a smaller circular 
indent. In both images, the location and size of the surface contour features matched well 
with the sample geometry (indicated by the dotted lines). On the back surface contour image 
we can faintly see the edges of the rectangular groove and circular indent on the front surface 
due to the edge effects. Figure 2.8 gives a cross-sectional profile at y = 40 mm generated 
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Figure 2.7. The SVTP imaging results of the aluminum test sample: (a) velocity image in 
mm/fis, (b) thickness image in mm, (c) front surface contour in mm, and (d) back surface 
contour in mm. Dotted lines indicate the top view of the sample. 
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Figure 2.8. The cross-sectional profile of the aluminum test sample at y = 40 mm. Solid 
lines are the results from the SVTP scan; dashed lines are based on the geometric 
measurement of the specimen by micrometer. 
from the front and back surface contours; the expected profile is also included as gray lines 
for comparison. It can be seen that in the range where the measurement data were valid (x = 
10 mm to 105 mm), the measured results agreed with the expectation very well: the 
rectangular grooves on both surfaces were clearly reproduced and that their location and 
depth closely matched the sample geometry. The small dip-like feature at x ~ 50 mm on the 
bottom surface was due to the beam disruption by the left corner of the rectangular groove on 
the upper surface. 
We then applied the SVTP imaging technique to detect small thickness variations of a 
thick rolled plate of 7075 aluminum from Alcoa, Inc. The ultrasonic velocity of the plate 
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depended on the heat treatment and was not precisely known. The nominal thickness of the 
plate was 20 mm. The SVTP scans were performed over an area of 203.2 x 101.6 mm2 (8 x 
4 inch2) of the plate in an immersion tank where the water temperature was 23.2 °C. Because 
the sample was relatively thick, a flat piston transducer (Panametrics V311, 10 MHz central 
frequency, and 12.7 mm in diameter) was used. The sampling frequency was 100 MHz and 
the gate length was set to 1 /is for all echoes. The results are shown in Fig. 2.9. The velocity 
image in Fig. 2.9 (a) shows that the velocity over the scanned area was reasonably uniform, 
with a mean of 6269 m/s and a standard deviation of 4 m/s or 0.06% of the mean. The 
thickness image, shown in Fig. 2.9 (b), on the other hand, indicates a small but distinct 
thinning along two diagonal lines in the image. The thickness variation was about 0.10 mm, 
or 0.5% of the sample thickness. This characteristic thickness variation was believed to be 
the result of "Luders band", a yield point phenomenon caused by the stretching of the sample 
in the manufacturing process.10 The measured front surface and back surface contours, 
respectively shown in Figs. 2.9 (c) and (d), showed that the local thinning was due to the 
surface deformation on both surfaces. A clearer view of such a thickness variation is given 
in Fig. 2.10, which shows cross-sectional plots at x = 0 mm. Despite a gradual sloping of the 
front and back surface contours, we can see that both front and back surfaces contributed 
roughly the same amount to the thickness reduction in the middle (around y = 50 mm), where 
the "Luders band" occurred. The back surface contour appeared to be noisier than the front 
surface. This is because the front surface contour was generated from the measured TOF 
image directly (Eq. (2.5)) while the back surface contour was deduced from the front surface 
and the measured sample thickness (Eq. (2.6)). As an independent verification of the SVTP 
results, we measured the sample thickness using a deep-throat micrometer at nine locations 
with a 1 inch (25.4 mm) increment along the bottom of the scanned area. We also measured 
at five locations along the left edge of the scanned area, again with a 1 inch (25.4 mm) 
increment. The thicknesses measured by micrometer and their comparison with the results 
by the SVTP scan are shown in Fig. 2.11. Accepting the micrometer measurements as the 
correct answer, we can see that the SVTP method achieved an absolute accuracy better than 
0.02 mm (less than one mil) for the thickness measurement. 
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Figure 2.9. The SVTP images of a 20-mm-thick rolled aluminum plate: (a) velocity image in 
mm/jus, (b) thickness image in mm, (c) front surface contour in mm, and (d) back surface 
contour in mm. 
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Figure 2.10. The cross-sectional profile at x = 0 mm on the 20-mm-thick rolled aluminum 
plate. The front and back surface profiles show that the thinning attributed to the "Luders 
band" was the result of the deformation on both surfaces. 
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Figure 2.11. A comparison between the thickness measured by the SVTP scan and by 
micrometer along two lines on the 20-mm-thick rolled aluminum plate: (a) along y = 0 mm, 
and (b) along x = 0 mm. 
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Application to thick thermal barrier coating (TTBC) samples 
After the SVTP imaging technique was validated using a machined sample with 
complex surface contours and then using a thick plate of rolled aluminum alloy, it was then 
applied to three industrial materials. First, it was applied to measure the small variations in 
both velocity and physical dimensions of plasma sprayed TTBC samples with different 
weight composition of metal (NiCrAlY) and ceramic (Zirconia). The first TTBC sample had 
80% metal and 20% ceramic; it was approximately 2.2 mm thick and 89 mm in diameter. A 
10-MHz spherically focussed transducer (Panametrics V311, 12.7 mm in diameter and 101.6 
mm in focal length) was used to obtain high spatial resolution images. Figures 2.12 (a) and 
(b) give the obtained velocity and thickness images, respectively. The sample was also 
scanned in a conventional manner using the TOF and amplitude of the BSE (back surface 
echo); the results are shown in Figs. 2.12 (c) and (d), respectively. By comparison we see 
that the conventional BSE amplitude and TOF images did not reveal the small variations in 
the actual thickness and ultrasonic velocity. These results have demonstrated the necessity to 
map out the spatial dependence of thickness and velocity simultaneously. 
The second TTBC sample had 60% metal and 40% ceramic, and was about 2.3 mm 
thick and 89 mm in diameter. The same transducer was used and the results are shown in 
Fig. 2.13. The velocity image (Fig. 2.13 (a)) shows that the sample had a relatively higher 
velocity (around 3.8 mm/^us) in the central part and a lower velocity (about 3.4 mm/jUs) near 
the edges. The difference was about 10%. The thickness image (Fig. 2.13 (b)) also shows 
about a 10% thickness variation in the sample. The front and back surface contour images 
are shown in Figs. 2.13 (c) and (d), respectively. The highest point of the front surface of the 
sample was chosen as the reference point for viewing the surface contour results. From the 
two surface contours we can see that the pattern in the thickness images was mainly due to 
the variation in the back surface contour. Three cross-sectional profiles at y = 25, 50 and 75 
mm are given in Figs. 2.14 (a), (b) and (c), respectively. The gray level in the three images 
indicates the local longitudinal velocity in the thickness direction. Such plots vividly show 
the variation of both the material property and physical dimension in the sample's cross-
sections. 
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Figure 2.12. A comparison of the conventional C-scan images and the SVTP images on the 
first thick thermal barrier coating sample: (a) velocity image in mm//zs, (b) thickness image 
in mm, (c) BSE TOF image in fis, and (d) BSE amplitude image in full screen height. 
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Figure 2.13. The SVTP images of the second thick thermal barrier coating sample: (a) 
velocity image in (b) thickness image in mm, (c) front surface contour in mm, and 
(d) back surface contour in mm. 
101 
(a) E. 
IN 
(b) i 
M 
(c) 1 
N 
X (mm) 
Figure 2.14. Three cross-sectional profile images of the second thick thermal barrier coating 
sample, respectively for (a) y = 25 mm, (b) y = 50 mm, and (c) y = 75 mm. The grayscale in 
each image corresponds to the local velocity in mm/fjs. 
Application to composite laminates containing foreign objects and anomalies 
Composite laminates containing different types of artificially embedded foreign 
objects and anomalies have also been used as samples to test the utility of the SVTP imaging 
technique in flaw detection. The first laminate sample was a 4-mm-thick woven 
carbon/epoxy laminate. A 38.1-mm diameter circular nylon bag was embedded in the 
laminate. Figures 2.15 (a) and (b) are the SVTP velocity and thickness images, respectively; 
(c) and (d) are respectively the conventional BSE TOF and amplitude images, for 
comparison. The velocity image in Fig. 2.15 (a) clearly showed the presence of the circular 
foreign object as a region of slightly lower velocity, which is a result of the stiffness 
reduction caused by the embedded nylon bag. The thickness image, Fig. 2.15 (b), shows a 
diffused region of slightly increased thickness but did not clearly show a well-defined 
circular area. This was because of the "draping effect" of the plies around the edge of the 
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embedded defect. In contrast, the conventional BSE amplitude and TOF images showed 
different information. The TOF image in Fig. 2.15 (c) only showed a very faint image of the 
flaw. The amplitude image in Fig. 2.15 (d), however, showed a distinct ring of much 
reduced amplitude along the edge of the embedded nylon bag. This was caused by the 
scattering and beam disruption due to the resin-rich area and ply draping around the edge of 
the inclusion. 
In the second carbon/epoxy laminate sample, a 38.1-mm diameter hole was punched 
in the second ply before lay-up. This circular area was then filled with a disk of neat resin to 
simulate a resin-rich area. The velocity image produced by the SVTP imaging technique 
(Fig. 2.16 (a)) shows clearly the reduction of velocity in the defective circular area. The 
thickness image (Fig. 2.16 (b)) again shows a diffused bulge due to the embedded resin. The 
conventional BSE amplitude and TOF images, shown respectively in Figs. 2.16 (c) and (d), 
give some indication about the edge of the defective area, but did not clearly show the 
defective area itself. 
Application to creep/rupture tested superalloy samples 
The last example of SVTP application was made on a set of nickel-based super-alloy 
samples that had undergone mechanical creep/rupture tests at elevated temperatures. The 
sample for the results shown in Fig. 2.17 was about 4 mm thick in the gage section and had 
four sections with widths ranging from 24 mm to 30 mm. The sample was mechanically 
tested at a temperature of 733 °C and under a tensile stress of 4.83x10s Pa. The velocity 
image in Fig. 2.17 (a) shows that the creep/rupture test did not change the velocity to any 
appreciable degree and that the velocity remained essentially the same for the four sections of 
different widths. The thickness image in Fig. 2.17 (b), however, shows a gradation of 
thickness in the gauge section. As expected, the thickness reduction was greater for the 
sections with smaller widths. Interestingly, cross-shaped permanent deformations appeared 
in the thickness image. These cross patterns were attributed to the shear band resulted from 
the creep test. The front surface contour (Fig. 2.17 (c)) and the back surface contour (Fig. 
2.17 (d)) show that both thickness gradation and the cross-shaped deformations were due to 
the variations in both the front and back surface contours. The cross-sectional profile at y = 
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Figure 2.15. A comparison of the conventional C-scan images and the SVTP images on a 
composite laminate with an embedded nylon bag: (a) velocity image in mm/fis, (b) thickness 
image in mm, (c) BSE TOF image in fis, and (d) BSE amplitude image in full screen height. 
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Figure 2.16. A comparison of the conventional C-scan images and the SVTP images on a 
composite laminate with a simulated resin-rich area: (a) velocity image in mm/^s, (b) 
thickness image in mm, (c) BSE TOF image in fis, and (d) BSE amplitude image in full 
screen height. 
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Figure 2.17. The SVTP imaging results on a creep/rupture tested superalloy sample: (a) 
velocity image in mm//LIS, (b) thickness image in mm, (c) front surface contour, (d) back 
surface contour, and (e) cross-sectional profile for y = 20 mm where the grayscale in the 
image corresponds to the local velocity in mm/jUs. 
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20 mm is shown in Fig. 2.17 (e), where the brightness of the grayscale corresponds to the 
local longitudinal velocities in mm/fis. It should be noted that the velocity variations in Figs. 
17 (a) and (e) are accentuated by the small range used. The above results demonstrated the 
usefulness of the SVTP technique for evaluating subtle dimensional changes caused by 
mechanical loading. 
Conclusions 
The time-of-flight images obtained from conventional C-scans contain the 
contribution from the spatial variations of both the ultrasonic velocity and the sample 
thickness, which often makes the interpretation difficult. The simultaneous velocity and 
thickness imaging technique overcomes such a difficulty by producing separate images for 
the velocity variation and the thickness variation. This study has extended the simultaneous 
velocity and thickness imaging technique to produce the sample profiles and has 
demonstrated that this technique can be easily implemented in a commercial scan system 
with one transducer and a reflector plate behind the sample. By paying careful attention to 
the details of the measurement, this technique can be used to produce accurate and reliable 
images of not only thickness and velocity, but also sample surface contours and cross-
sectional profiles. Several application examples have demonstrated that such a technique 
may be a valuable tool for nondestructive testing as well as material property characterization 
of both metals and composites. 
Acknowledgements 
This work was supported by the NSF Industry-University Cooperative Research 
Center for Nondestructive Evaluation at Iowa State University. The authors gratefully 
acknowledge Robert E. Shannon of Siemens Westinghouse for providing the nickel-based 
superalloy samples and Greig Happoldt of Caterpillar for providing the thermal barrier 
coating samples. We also thank Dan J. Barnard for useful discussions regarding imaging the 
surface profiles. One of the authors, Dong Fei, acknowledges the support of a graduate 
assistantship from the Institute for Physical Research and Technology at Iowa State 
University. 
107 
References 
1. L. H. Pearson and D. S. Gardiner, in Proc. of 15th NDE Symposium, eds. D. W. Moore 
and G. A. Matzkanin (NTIA center, TX, 1985), pp. 234-255. 
2. V. Dayal, "An automated simultaneous measurement of thickness and wave velocity by 
ultrasound", Expt. Mech., 32(2), 197-202, (1992). 
3. D. K. Hsu and M. S. Hughes, "Simultaneous ultrasonic velocity and sample thickness 
measurement and application in composites", J. Acoust. Soc. Am., 92(2), 669-675, 
(1992). 
4. I. Y. Kuo, B. Hete, and K. K. S hung, "A novel method for the measurement of acoustic 
speed", J. Acoust. Soc. Am., 88, 1679-1682 (1990). 
5. M. S. Hughes and D. K. Hsu, "An automated algorithm for simultaneously producing 
velocity and thickness images", Ultrasonics, 32(1), 31-37, (1994). 
6. D. J. Roth and D. A. Farmer, "Scaling up the single transducer thickness-independent 
ultrasonic imaging method for accurate characterization of microstructural gradients in 
monolithic and composite tubular structures", NASA Report TM-1998-207924. 
7. P. He, "Measurement of acoustic dispersion using both transmitted and reflected pulses", 
J. Acoust. Soc. Am., 107(2), 801-807, (2000). 
8. D. K. Hsu, D. Fei, R. E. Shannon and V. Dayal, "Simultaneous Velocity and Thickness 
Imaging by Ultrasonic Scan," to appear in Review of Progress in Quantitative 
Nondestructive Evaluation, edited by D. O. Thompson and D. E. Chimenti (AIP, 2001). 
9. J. R. Lovett, "Comments concerning the determination of absolute sound speeds in 
distilled and seawater", J. Acoust. Soc. Am., 45, 1051-1052 (1969). 
10. G. E. Dieter, Mechanical Metallurgy, 3rd ed. (McGraw-Hill, 1986), pp. 198. 
108 
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Abstract 
The output voltage of the receiving transducer in a fluid- or air- coupled leaky 
Lamb wave experiment contains the contribution from both intrinsic material properties 
and extrinsic experimental parameters including geometry and transducer beam 
characteristics. In this work we have developed a complex transducer point model to 
include all those factors to permit the prediction of the k-f (wave number-frequency) 
domain result obtained from a synthetic aperture scan of either planar or focused 
transducers in a pitch-catch reflection arrangement. Extensive experiments are performed 
to test the model and demonstrate the transducer beam effects on the k-f domain result, 
which leads to a very efficient method for mapping major portions of the guided wave 
dispersion spectrum in planar media. By taking advantage of the large angular beam 
spread of a pair of highly focused transducers, almost the entire angular range accessible by 
phase-matched water coupling can be measured with the transmitting and receiving 
transducers at a single orientation angle. We have then developed a novel stepwise, 
targeted procedure to allow a rapid estimate of material elastic properties with only a 
minimal use of the mapped, highly redundant dispersion data. Experiments on both 
isotropic and anisotropic plates show a measurement error of about 5% from contact 
acoustic estimates for most of the elastic constants. 
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PACS numbers: 43.20.Mv, 43.35.Cg. 
Introduction 
Fluid- or air- coupled leaky waves have been widely used in ultrasonic 
nondestructive evaluation to characterize the elastic behavior of plate-like materials. This 
topic has been investigated extensively.1"5 Only a few references are cited here; a more 
extensive listing is contained in a recent review article by Chimenti.6 In a conventional 
leaky wave measurement, two identical planar transducers at the same orientation angle are 
often used, in a pitch-catch reflection or transmission arrangement. The output voltage of 
the receiving transducer in such measurements inevitably contains the contribution from 
both intrinsic material properties and extrinsic experimental parameters. The intrinsic 
contribution can be defined by the plane-wave reflection coefficient (RC) or transmission 
coefficient (TC), which depends only on the measurement frequency and the material 
properties of the plate material and the coupling fluid. The extrinsic parameters include all 
the experimental settings such as the aperture size, beam shape, orientation angle and 
location of the transmitting and receiving transducers. 
Because the extrinsic contribution can be as large as, or larger than, the intrinsic 
contribution, the modeling of the receiver output voltage and a careful study of the extrinsic 
effects on the measurement results become important issues in accurate elastic property 
determination. Lobkis et af' 8 have used the plane-wave decomposition of the incident 
beam and the reciprocity theorems of Kino9 and Auld10 to derive the theoretical expression 
for the output voltage as a function of frequency, transducer position, and phase-match 
angle. These researchers have demonstrated7 that although the acoustic field of a piston 
transducer is very different from a Gaussian beam, the combined directivity functions of an 
identical planar transmitter and receiver can be accurately replaced by that of two Gaussian 
acoustic beams. The geometrical dependence of the receiver voltage was also studied7, as 
well as the 3-D beam effects on the receiver voltage.8 Complex source points, introduced 
first by Deschamps,11 provide a simple mathematical approach to construct Gaussian 
beams. By displacing a real point source into the complex plane, the resulting wave field is 
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almost identical to a Gaussian beam. A combination of complex source and receiver points 
has been termed the "complex transducer points" (CTP).12 Chimenti, Zeroug et al13'15 have 
used the CTP approach to study the interaction of acoustic beams with both planar and 
cylindrical structures. Recently, Zhang, Chimenti et al16'17 have applied the CTP approach 
to analyze the geometric effects on the receiver voltage,16 and to investigate the differences 
between the 2-D and 3-D voltage calculation for fluid-coupled reflection experiments.17 
All the above studies, however, are limited to the configuration where an identical planar 
transmitter and receiver is used. The extrinsic effects on the measurement results owing to 
the transducer curvature have not been investigated, although it has been pointed out that 
the CTP approach is also applicable to the modeling of focused transducers.12 
The plane-wave RC or TC and their related dispersion spectrum have been often 
used in the model-based reconstruction of the elastic property in thin plates.1"4 Because 
different portions of the RC or TC and their dispersion spectrum have differing sensitivity 
to individual elastic constants, measurement data from a large phase-match angle range are 
typically necessary for complete determination of all the elastic constants. Rokhlin and 
Chimenti1 have illustrated the sensitivity of the reflection minima to individual elastic 
constants and have used a least-square scheme to extract the elastic constants from the 
reflection minima that are measured in an immersion arrangement with a pair of planar 
transducers at different incident angles. Karim et al2 have used a similar method and 
applied a simplex optimization algorithm to reconstruct the elastic constants from a full set 
of the reflection dispersion data. Lately the reflection method has been automated using 
simultaneous mechanical steering of both transducers.18 However, even with automation 
the entire measurement process is very time-consuming. Safaeinili et at are the first who 
tried to utilize the transducer beams in a leaky wave measurement to estimate material 
properties. These researchers have applied the synthetic aperture scan technique to 
reconstruct the plate-wave TC in air-coupled experiments. In this technique, the receiver 
transducer is scanned along the plate and the output voltage signal is sampled in time at 
every scan position. The x-t (space-time) domain data collected in a scan are then 
tranformed into the k-f (wave number - frequency) or Q-f (phase-match angle - frequency) 
domain using a temporal and spatial Fourier transform. Similar methods have been 
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previously used by Sachse and Pao19 for measuring the group and phase velocities of 
dispersive Lamb waves and by Alleyne and Cawley20 for analyzing the scattering signals 
from defects in plates. Because the frequency bandwidth and angular beam spread of the 
air-coupled transducers are very limited, Safaeinili et al used only the center frequency 
component for every scan and summed the measurement results at different incident angles 
incoherently to recontruct the TC in a large angular range. A conjugate gradient 
optimization method was then used to deduce the viscoelastic constants from the 
recontructed TC. In this method, the efficiency of the TC reconstruction is restricted by the 
small angular bandwidth of the planr air-coupled transducers. 
Although the transducer beam effects may complicate the interpretation of the 
measurement result, a wise use of those effects can significantly improve the efficiency and 
accuracy of material property characterization. In this work, we set out to study the 
transducer beam effects on the measurement result of a synthetic aperture scan in an 
immersion reflection pitch-catch arrangement and investigate how they can be used for rapid 
elastic property estimation in plate-like materials. To study the transducer beam effects 
completely, we allow the transducers, either the transmitter or the receiver, to be of arbitrary 
type (either planar or focused), orientation angle, and location. We then apply the complex 
transducer point (CTP) approach to model the measurement result in the k-f domain for such 
a general experimental arrangement. Extensive experiments have been performed to verify 
the model and demonstrate the transducer beam effects on the k-f domain result. Both 
experimental study and model calculation show that it is possible to obtain an efficient 
mapping of major portions of the guided wave dispersion spectrum of plate media. By taking 
advantage of the large angular beam spread of highly focused transducers, almost the entire 
angular range accessible by phase-matched water coupling can be measured in a single 
synthetic aperture scan with both the transmitting and receiving transducer at a single 
orientation angle. 
This novel method is then applied to the efficient estimation of material elastic 
properties in plate media. We first perform a synthetic aperture scan using a pair of 
wideband highly focused transducers to rapidly map out the plate dispersion spectrum in the 
k-f domain. We then develop a stepwise, target approach to obtain a rapid approximate 
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determination of material properties from the dispersion spectrum data. We realize that 
because of the cyclic nature of the plate wave dispersion relation, much of the dispersion 
spectrum data are highly redundant. We therefore choose carefully how we make use of the 
measured data by isolating on particular portions of the dispersion curves where dependence 
on elastic properties is limited to a few of the full complement of stiffnesses. Afterwards we 
proceed in a targeted fashion to obtain stiffnesses incrementally, beginning with parts of the 
dispersion curves where only one or two constants are active and continuing to add data from 
curves where other constants can be easily extracted, until all relevant stiffnesses have been 
inferred. The above elastic property estimation procedure is demonstrated on various 
isotropic and anisotropic plate materials and the results are compared with those from 
contact-mode measurements. 
We present the work in this paper in two parts. The first part is on the modeling of 
the output voltage of the receiver and the study of the transducer beam effects. The second 
part is on the efficient elastic property estimation in plates using the synthetic aperture scan 
of a pair of highly focused transducers, which is one application of the model and 
experimental study in the first part. 
I. Transducer Beam Effects in Leaky Wave Experiments 
Theory 
With the model employed here, we allow the transducer, either the transmitter or the 
receiver, to be either planar or focused, to have variance from aperture size, to be oriented at 
different incident angles and to have variable vertical distances from the plate. The 
geometric configuration used in experiments and model calculation is shown in Fig. 3.1. In 
this figure, to show the generality of the configuration, we assume that the transmitting 
transducer is planar and the receiving transducer is focused. The cases where the transducers 
are both planar or both focused will also be investigated. In fact, because a planar transducer 
can be regarded as a curved aperture with an infinite focal length, the planar and focused 
transducers can both be considered as focused transducers in the modeling of the receiver 
output voltage. The planar transmitter has a radius of a'. The focused receiver has a radius 
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of a and a focal length of FQ. The transmitter and the receiver are respectively oriented at a' 
and a with respect to the positive Z axis. The distances from the transducer aperture centers 
of the transmitter and receiver to the plate are z'and z, respectively, a and a', of and a, z' and 
z are not necessarily equal. 
In the following we first use the complex transducer point approach to model the 
transmitter and the receiver to derive a theoretical expression of the receiver output voltage 
for a single frequency and receiver position. We then analyze the synthetic aperture scan 
method and reach the theoretical prediction for the output voltage in the k-f domain, where 
the comparison between model and experiment is to be made. We also analyze the 
transducer beam effects on the output voltage theoretically and discuss the strategy for rapid 
RC reconstruction. Although the following derivation and analysis is for a fluid-coupled 
Transmitter 
-» 
X 
• z 
Figure 3.1. Geometric configuration used in the experiment and calculation. 
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reflection experiment, it is obvious that the fluid-coupled transmission experiment and the 
air-coupled leaky wave experiment can be studied in a similar manner. 
Complex transducer point 
A linear and electro-acoustically reciprocal Gaussian beam transducer, either planar 
or focused, either serving as a transmitter or a receiver, can be replaced with a complex 
transducer point by displacing the transducer from its position at a real spatial coordinate to a 
complex spatial coordinate, according to the following operation,12 
r — > r  = r + d + i b ,  (3.1) 
where vector r = (x, y, z) is the location of the transducer aperture center, vector r = 
(x,y,z) is a complex vector that specifies the location of the CTP in the complex plane, 
vector d is the location of the Gaussian beam waist of the transducer relative to the transducer 
aperture center, and vector b specifies the transducer beam direction and its Fresnel length. 
The directions of vectors d and b are the same: both are in the beam direction. The 
magnitude of vector b, or the Fresnel length b, is related to the 1/e beam width at the waist 
location W through 
b  =  } - k f W 2 ,  (3.2) 
where k f ( = œ / c f )  is the fluid wave number, c o  is the circular frequency, and c f  is the 
sound speed in the coupling fluid. The beam width at the waist location W and the distance 
between the waist location and the transducer aperture center d (which is also the magnitude 
of vector d) are given by,21 
jl 
a+p2)1'2 7 i+p2 
W
=WQ„ g d=T-^T, (3.3) 
where f3 = 2f0 /(£ZW02), f0 is the transducer focal length, and w0 is the beam width at the 
transducer aperture. A good estimation of W0 has been given by W0 =0.752a1, 21 for 
measurements near or larger than the Rayleigh distance a1 /A, where a is the radius of the 
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transducer aperture and X  =  c f  [ f  is the wavelength in the coupling fluid. For planar 
transducers we simply let FQ be infinite, and we have d= 0, which means the beam waist is at 
the aperture center, and thus W = W0. 
Output voltage in the x-f domain 
To model the output voltage of the receiver in the configuration shown in Fig. 3.1, we 
substitute both the transmitter and the receiver with complex transducer points, and we have 
the following the complex coordinates, respectively for the transmitter and the receiver, 
x = x—dsincc — ibsina, y = y, z = z + dcoscc + ibcosa, (3.4) 
x'= x'-trd'sma'+ ib'siTiCc', y' — y -, z' = z' + d'cosa' + z&'cosa', (3.5) 
where d, b, </, and b' are calculated using Eqs. (3.2) and (3.3). The above equations can be 
further simplified if the transducer is planar. However, we keep them in a general form so 
that the following discussion is applicable to both planar and focused transducers. 
By applying Kino and Auld's reciprocity theorem9'10 and using the angular spectrum 
decomposition of the complex transmitter and receiver points, we get the following the 
output voltage V(x,f) for a single receiver position x and measurement frequency/,12'17 
where y(<y) is the combined frequency response of both transducers and the associated 
electronics (or the system efficiency factor22), pf  is the mass density of the coupling fluid, R 
respectively the x, y and z components of the wave vector of a particular angular spectrum 
plane-wave component. 
•K©)a¥>/£jr*(*x.*,./) 
_ exp|ikx(x - x') + iky (y - y') -ikz (? + z')l 
k. 
dkxdky, (3.6) 
is the plane-wave RC for the fluid-loaded 
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Output voltage in the k-f domain 
In a synthetic aperture scan the receving transducer is scanned along the plate and the 
output voltage is sampled in both the time and space domains. The raw x-t domain data 
collected in the scan are then transformed into the domain using both temporal and spatial 
Fourier transforms. Because the output voltage in the x-f domain has already been given by 
Eq. (3.6), we need only to perform a spatial Fourier transform on Eq. (3.6) to derive the 
expression for the output voltage in the k-f domain. In the following we begin our derivation 
and discussion with the simpler 2-D case, and then the 3-D case. 
(1) 2-D case 
In the 2-D case we assume that the transmitter and the receiver both have a two-
dimensional beam distribution in the x-z plane. The output voltage given by Eq. (3.6) 
therefore has no y dependence, and becomes, 
Vfe/) = ~Yma>Pff R(KVJ)^ i k^- r )- i k--G  +  r» iK , (3.7) 
4tt j-~ k. 
where k .  —  ^ j k j  —  k x  . After the spatial Fourier transform is performed on the above 
e q u a t i o n ,  w e  o b t a i n  t h e  o u t p u t  v o l t a g e  i n  t h e  k - f  d o m a i n  V ( k , f ) ,  
V ( k , f ) = j 2 y ( x , f )  e x p ( - i k x ) d x  
= —-y(<a)<op,r R(k , 0 , / ) - n o s i n g - x l - f t - g - h ? - ) )  
An J J— 
x{£exp[z(*x -k)x]dx}dkx. (3.8) 
Calculating the integral over the x variable in the above equation yields 2n8 (Jcx — k), where S 
is the Direc delta function. Therefore, 
v(k,f)=-±Y«0)0)Pfr ^ .o./)exp{'<:'["w+a)siI'g"ri" ,'<:'(?+r)' 
47T j-~ 
x[2 nô(kx —k)]dkx 
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= -i-y Way jR(fc,0, f ) e x p  m ' { d  +  ' f e ) s i n  ( 3 g )  
We further substitue the complex coordinates given by Eqs. (3.4) and (3.5) into the 
exponential term in the above equation, and we have 
exp {/£[-(</ + ib) sin a-x']-ikz (z + z')} = exp{/£[H// + ib) sin a-x'-(d'+ib') sin a'] 
— ik, [z + (d + ib) cos a + z' + (d' + ib') cos a']} 
= exp{-/£(<i sin a + cf'sin a' + x') — ik. {d cos a + d'cosa' + z + z') 
+ &(&sinof + &'sin a') -+- kz (jb cos a+ b'cos a')} 
= exp {—ikf  [x' sin 0 + (z + z) cos 9 + d cos(0 —a) + d' cos (6 — a')] 
+ fcz[6cos(0 -a) + b'cos(d - a')]}, (3.10) 
where 6  (=sin~ l ( k l k f ) )  is the phase-match angle, or the incident angle of a particular 
angular spectrum plane-wave component from the transmitting transducer. The maginitude 
of V(Jk,f) is given by 
|n^/)|4Ka»^/|fitf.o./)|exp(^[Acos(e'g)+/cos(e"g')]! 
^ tCy COS t/ 
. expj/t,(6+ 6')-*,[6 sin1 <6 ~g) + ft'sin2 (9 ~g >]) 
2 
2 /! 1 kf  cosfl 
Equations (3.10) and (3.11) show the effects of the extrinsic experimental parameters 
on the k-f domain output voltage. First, we can see that the vertical positions of the 
transmitter and the receiver, respectively z' and z, influence only the phase, not the magnitude 
of the k-f domain output voltage. Second, we can see how the individual acoustic beams 
from the transmitter and the receiver affect the angular range of the k-f domain result. Both 
the transmitter and receiver beams have a Gaussian distribution profile centered on a beam 
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axis whose orientation is determined by the transducer orientation angle. The beam width 
Ad , which is given by A6 =(2kfb)~^ = (JkfW)~l, is determined by the transducer Fresnel 
length b or the waist beam width W for a given frequency and coupling fluid. The smaller 
the Fresnel length, the larger the angular beam spread of the transducer beam. In the output 
voltage the combined contribution from the transmitter and receiver beams is a product of the 
individual beam contributions. Although it is not essential for the the Fresnel length and 
orientation angle of the transmitter and the receiver to be equal, an identical transmitter and 
receiver at the same orientation angle provide a optimal match between the transmitter and 
receiver beams. In such an arrangement, b = b' and cc= cc'; therefore 
\V(k, f)\ = ly((o)œpf  \R(k,0,/)| exP(2*/*}e*p[~2M(0 ~a) ] (3.12) 
2 kf  cos# 
From Eqs. (3.10) and (3.11) we also see that the complex plane-wave RC, both the 
mangitude and phase, can be reconstructed in a 2-D measurement. The Fresnel length and 
orientation angle of the transmitter and receiver determine the angular range of the RC that 
can be measured. An extreme case is the one where one of the transducer Frensel lengths 
vanishes. Then, the output voltage contains only the beam contribution from the other 
transducer, in this case the receiver, 
|V(k, f)\ = jy(co)copf  \R(Je,0, f)\ exp(^}~ a )  ] .  (3.13) 
If the two Fresnel lengths are both zero, the magnitude of the output voltage becomes, 
| V(k,f)\ = |y(œ)(Qpf\R{k,0,f)\ k ^ . (3.14) 
Because enery in the two transducer beams is uniformly distributed over the entire angular 
range, the output voltage in the k-f domain contains no beam effects. This implies an ideal 
measurement where the RC over the entire angular range can be reconstructed from a single 
transducer scan. The only limitation is the frequency range, which is determined by the 
electronic response y(<y). In reality, it is not possible for the Fresnel length of a transducer 
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to be zero, but it is possible for the Fresenl length to be very small. According to Eqs. (3.2) 
and (3.3) and the estimation for Wo (Wq =0.752a), at a given frequency a small Fresnel 
length can be achieved by either decreasing the transducer aperture size a while maintaining 
the ratio of ajF0 or by decreasing the focal length F0 while maintaining the aperture size a. 
The former relies on the transducer diffraction effect and the latter relies on the beam 
focusing effect; both increase the angular beam spread of the transducer. The angular beam 
spread of a finite aperture of a radius a owing to the diffraction effect is at the order 
of Af fa ,22 where /l/(=c//Z/)is the wave length in the coupling fluid. The larger the ratio 
of X f j a ,  the larger the angular beam spread. A typical leaky wave measurement is 
performed at several MHz. If the measurement frequency is 5 MHz and the coupling fluid is 
water, Xf is about 0.3 mm. The transducer aperture size a needs to be 1 mm or less in oder 
to get an angular beam spread of tens of degrees. Such small transducers will have a low 
generation efficiency or detection sensitivity; they are also difficult to make, if not 
impossible. On the other hand, using the beam focusing is a much more effective way to 
achieve a small Fresnel length and a large angular beam spread. By using focused 
transducers with a high ratio of a/F0, an angular beam of tens of degrees can be easily 
obtained. These highly focused transducers can be used to rapidly map out the RC in a large 
angular range. 
The frequency response of the transducers and electronics y(<o) in all the previous 
equations can be determined experimentally.23 This may not be an easy task, however, for 
focused transducers. A convenient way to avoid measuring individually the electronic 
frequency response and the transducer beam contributions is to use a reference scan. The 
reference scan is performed on a low-attenuation bulk material of known material properties 
using the same experimental settings for the scan on the sample plate. Because the frequency 
response and beam contribution are the same in both scans, according to Eq. (3.9) the RC of 
the sample plate can be reconstructed as follows, 
m,o, /) = ' Ky j  ; Rref (*,o, /), 
ref J ) 
(3.15) 
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where Vref(k,0,/) is the fc/domain result measured in the reference scan, and Rref (&,0, /) 
is the calculated plane-wave RC based on the known material properties of the reference 
material and the coupling fluid. 
(2) 3-D case 
The synthetic aperture scan method in the 3-D case can be analyzed in a similar 
manner to the 2-D case. We apply the spatial Fourier transform directly to the 3-D x-f 
domain output voltage given by Eq. (3.6), and we have 
V ( k ,  / )  =  V  ( x ,  f )  e x p ( - i k x ) d x  
=--^rmcop 
exp{ikx [-{d + ib) sin a — x"\ + iky (y — y') - ik. (z + z')} 
x -
x{£exp[/(A:x -k)x]dx}dkxdky 
= • £ £ k > •7 )  
exp{ikx[-(d + ib)sina - x ' ]  +  i k y  ( y  -  y ' ) - i k .  (z + z')} 
x _ 
x[2 tz8(Jcx —k)]dkxdky 
= ~^y(cû)œp f£_R(k,ky,f) 
exp{z'Â:[-(ûf + ib) sin a-x'] + ik (y - y') - ik. (z + z 0} 
x dk . (3.16) 
k 
Unlike the 2-D case, the domain output voltage in this case contains the contribution from 
the angular plane-wave components, both in and out of the scan plane that is defined by the 
Z axis and the scan direction. Therefore, in a 3-D measurement the reconstructed RC is an 
averaged value of the RC weighted by beams in the anglular bandwidths of both transducers; 
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a single one-dimensional spatial scan is not sufficient for the complete reconstruction of the 
plane-wave RC in the scan direction. Lobkis and Chimenti8 have demonstrated this in their 
study of the 3-D transducer voltage in leaky wave measurements using planar transducers. 
Because a highly focused transducer (for example a spherically focused transducer) can have 
a equally large angular beam spread out of the scan plane, this averaging effect can be non-
trivial. Experimentally we can use cylindiically focused transducers so that the transducer 
has a large angular beam spread in the scan plane but has a small angular beam spread out of 
the scan plane. The measurement is then essentially 2-D and the averaging effect on the 
reconstructed RC is therefore alleviated. 
A special case in the 3-D experiment is that the plate material is isotropic. For 
isotropic materials, the reflection coefficient R in Eq. (3.16) does not depend on ky and thus 
can be moved out of the integral. If we further limit our analysis to the case where both the 
transmitting and receiving transducer points and their beam directions are in the scan plane, 
i.e. y = y'~ 0, the output voltage in the &-/domain becomes 
Va,f)=-—Y(.o1)CoprRik,0,f)r + ib) sin a - *'] - ikt  g H- z') } 
An J-~ k. 
= ——Y(co)coprR(k,0, f)exp{zfc[-(rf + ib)s i n e x p H & = ( z + z  ) 3  »  ( 3  1 ? )  
An J-~ k. 
We can see that the reference scan method metioned previously (Eq. (3.15)) is still applicable 
to this special case. Therefore for isotropic plates, the RC can be completely reconstructed 
with the aid of the reference scan, even if spherically focused transducers are used in the 
measurement. 
Experimental procedure 
A Parker-Daedel scanning system with precision linear control has been used for 
experiments to test the model for the output voltage and to study the transducer beam effects 
in leaky wave measurements. The system has a spatial resolution of 0.01 mm and a position 
repeatability of 0.03 mm. Both the transmitting and receiving transducers are mounted on 
precision rotary stages with a usable angular resolution of 0.01 degree. The transmitting 
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transducer is excited by a wide-band (about 28 MHz) electronic impulsée generated by a 
pulse/receiver (Panametrics 5052PR). The output voltage of the receiving transducer, after 
being amplified (0 — 40 dB) by the pulse/receiver, is fed into a Lecroy 9304 digitizing 
oscilloscope. A digital delay/pulse generator (Stanford Research Systems, DG 535) is used 
to produce a delayed triggering signal to the oscilloscope so that the outp»ut signal appears 
within the oscilloscope screen window after its propagation in water path. 
To perform a spatial scan, the receiver transducer is scanned along title plate while the 
other geometric parameters are held constant, as shown in Fig. 3.1. The output voltage is 
sampled as a time signal at each coordinate position. The spatial scan step and the sampling 
time interval are respectively much less than the smallest wavelength and tfie time period of 
the guided wave modes of interest. The scan step varies from 0.1 mm to 1.(0 mm, depending 
on the transducer type, orientation and position. The total number of scan steps is about 200. 
The received rf signal is digitized into 500 points of data at a sampling frequency of 25 
MHz (for 2 fis/div) or 50 MHz (for 1 fis/div) and is averaged 64 times. The time window 
and the scan range are set to be large enough to collect all the receiver output signals of 
significant amplitude. The output signals outside of the time and spatial ranges are very 
small (typically smaller than 2—3 percent of the largest signal amplitude ira a scan) and are 
therefore ignored; the scan ranges are effectively infinite in both time and space ranges. A 
PC with a user interface developed using Lab VIEW (National Instruments, TX) has been 
used to control the scan and data acquisition process. The acquired receiver output voltage 
data are further processed using Fortran and MATLAB (Math Works, MA) programs. 
Various transducers have been used in the experiments to demonstrate the transducer 
beam effects on the receiver output voltage in the £-/domain. A list of parameters for all the 
transducers used is shown in Table 3.1. The planar transducers have a center frequency of 5 
MHz, but have different diameters of 6.35 mm (0.25 inch), 9.53 mm (3/8 inclh), and 12.7 mm 
(0.5 inch). The focused transducers include one pair of 2.25-MHz probes and four 5-MHz 
transducers with a different combination of the diameter and focal length. A 1.60-mm-thick 
isotropic aluminum plate with a longitudinal wave velocity of 6.37xl03 m/s, a shear wave 
velocity of 3.10xl03 m/s and a mass density of 2.78xl03 kg/m3 has been usedL for the study of 
the transducer beam effects. 
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Table 3.1. A list of parameters of the transducers used in the experiment 
No. Type Frequency 
(MHz) 
Diameter 
(mm) 
Focal Length 
(mm) 
Manufacturer Quantity 
PI 6.35 Panametrics VI10 1 
P2 Planar 5 9.53 Ultran L37-5 2 
P3 12.7 Panametrics V309 1 
F1 2.25 19.1 25.4 Panametrics V305 2 
F2 Focused 12.7 102 
Panametrics V309 1 
F3 5 25.4 63.5 Panametrics V307 1 
F4 25.4 102 Panametrics V307 2 
Results and discussion 
In this section, we present the experimental results that verify the model calculations 
and demonstrate the transducer beam effects on the k-f domain results. We start our 
discussion with the case where both the transmitting and receiving transducers are planar, 
then study the case of one planar transducer and one focused transducer, and afterwards 
discuss the focused transmitter and focused receiver case. Finally, we discuss the method of 
rapid rc reconstruction using a pair of highly focused transducers. 
Planar-planar case 
In the planar-planar case, both the transmitting and receiving transducers are planar. 
A typical example of this case is the conventional leaky wave measurement where the two 
planar transducers are identical, oriented at the same orientation angle and positioned at the 
same distance from the plate. Figure 3.2 shows one set of synthetic aperture scan results in 
such a measurement arrangement. The sample is the 1.60-mm-thick aluminum plate, and the 
transducers are a pair of planar transducers #P2 (5 MHz in center frequency and 9.53 mm in 
diameter). The orientation angles of the two transducers are both 10°, and the vertical 
distances of the two transducers from the plate are both 100 mm. The synthetic aperture scan 
has been performed for xt from -20.0 mm to 20.0 mm at a step of 0.2 mm. The sampling 
frequency is 25 MHz and the time window is 20 /zs in length. Figure 3.2 (a) shows the raw 
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Figure 3.2. The results of a synthetic aperture scan on the aluminum plate with a pair of 
planar transducers #P2 at 10°. (a) the raw scan data in the x-t domain; (b) the k-f domain 
result containing the transducer frequency response; (c) the k-f domain result with the 
transducer frequency response removed; (d) the theoretical prediction of the 2-D voltage 
model. 
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scan data in the x-t domain as a grayscale image, where the brightness is proportional to the 
magnitude of the acquired output voltage. In this figure the curved trace indicated by the 
high amplitude is the front-surface echo from the plate. The trailing leaky signals are also 
observable, but of much smaller magnitude. The entire reflected field from the plate has 
been collected in both the time and spatial windows of the scan. 
After performing two consecutive Fourier transforms, respectively in the t coordinate 
and the x coordinate, the x-t domain data shown in Fig. 3.2 (a) are transformed in the k-f 
domain. The result is shown in Fig. 3.2 (b) as an image with the brightness proportional to 
the absolute value of the data in dB. This format is similar to the image format introduced by 
Yang and Chimenti24 for presenting the RC and its associated dispersion spectrum. In the k-f 
domain, a line through the origin has a constant slope of kj f, which corresponds uniquely to 
a phase-match angle 6 in the coupling fluid according to 6 = sin'1 {cfkflTtf). We label the 
phase-match angles at the upper and right edges of the image to clearly indicate the angular 
range of the &-/domain result. This format will be used extensively in the later part of this 
work for presenting both model and experimental results in the £-/domain. The k-f domain 
image can be further converted into an image in the Q-f or v (phase velocity)-/ domain. In 
Fig. 3.2 (b) the region of high amplitude concentrates along 10°, which is the orientation 
angle of the transmitter and the receiver. Based on the data of minimum amplitude we are 
able to view clearly the dispersion curves of various guided wave modes. Because the beams 
of the planar transmitter and receiver are both highly collimated, however, only a very 
narrow portion of the dispersion spectrum is observable. 
We then remove the frequency response of the transducers and associated electronics 
y(<y) from the k-f domain result by dividing the k-f domain data by the spectrum of a 
reference signal measured with the transmitter and receiver aimed face to face and with no 
plate sample. The result is shown in Fig. 3.2 (c). The theoretical prediction of the £-/domain 
voltage is shown in Fig. 3.2 (d). The 2-D model (Eq. (3.11)) is used here because of its high 
computational efficiency; it will be used in the theoretical prediction for the rest part of this 
work for the same reason. By comparison it is easy to see that the experimental result and 
the model calculation agree with each other very well. In both the experimental and model 
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results the k-f domain data of high amplitude distributes in a region that has a nearly constant 
cross-sectional width. This can be explained using the model. Based on Eq. (3.11), we know 
that the output voltage in the £•/domain has the following 1/e angular beam width Ad , 
AO = , =—!—= ^ . (3.18) 
Jïk~b kfW 1.5047KZ/ 
Therefore the angular beam width AQ decreases inversely proportional to the frequency. 
The cross-sectional width of the high-amplitude region in the k-f domain is proportional to 
fAQ and is thus constant. From Fig. 3.2 (c) we see that the high-amplitude region has a 
nearly constant width in a large frequency range, from below 1 MHz to 10 MHz, which 
shows in turn that the CTP parameter for a planar transducer, i.e. W = 0.752a, is a good 
approximation over a very wide frequency range. The sidelobe effects from both the 
transmitter and receiver are nearly invisible in the experimental results shown in Figs 3.2 (b) 
and (c). This is owing to the averaging of the signal phase over the receiver surface in the 
reception process.7 
The CTP model for the output voltage predicts that the magnitude of the k-f domain 
result does not depend on the vertical positions of the transmitter and the receiver. To verify 
this experimentally, we keep the transmitter at a fixed vertical position of 100 mm, and 
perform the synthetic aperture scan with the receiver at 50 mm and 150 mm, respectively. In 
the two experiments the transducers are both #P2 and the transducer orientation angles are 
both 10°. The results are shown in Figs. 3.3 (a) and (b), respectively. By comparing these 
two figures and Fig. 3.2 (c) (for the receiver at 100 mm), we can see that the k-f domain 
result is remarkably insensitive to the vertical position of the transducers, which is 
advantageous for practical implementation of this method for materials characterization. 
The effect of the transducer orientation on the &-/domain result is demonstrated using 
the same pair of transducers and the aluminum plate sample. The results are shown in Fig. 
3.4. In this figure (a-E) and (b-E) are the experimental results in the k-f domain for the 
receiver at 12° and 15°, respectively. The transmitter is at 10° in both experiments. By 
comparison it can be seen that the k-f domain result is very sensitive to the transducer 
orientation. As the receiver orientation angle differs from the transmitter orientation angle, 
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we start to see the sidelobe effects from both transducers. This is especially evident in Fig. 
3.4 (b-E) where the sidelobe effect from the transmitter appears at the receiver orientation 
angle 15° and the sidelobe effect of the receiver appears at the transmitter orientation angle 
10°. The sidelobe effect of the transmitter is slightly stronger than that of the receiver 
because the two transducers, although nominally identical, have different generation and 
detection efficiencies. Individual tests on both transducers show that the transmitter is a 
slightly more efficient than the receiver. Figures 3.4 (a-M) and (b-M) show the model 
predictions for the experiments in (a-E) and (b-E), respectively. The model has predicted 
some features of the experimental results. In the lower frequency range, the transmitter and 
the receiver have relatively large angular beam spreads. The output voltage is therefore 
relatively insensitive to the mismatch between the two transducer orientations. As the 
frequency increases and the transmitter and receiver beams become more and more 
collimated, the output voltage decreases. The model, however, did not predict the sidelobe 
behaviors observed experimentally. The reason is obvious: each transducer is modeled as a 
single complex transducer point that has a Gaussian beam profile and therefore has no 
sidelobes. To predict the transducer sidelobe effects, the piston directivity functions7 or 
multiple complex transducer points12 can be used to model the transmitter and the receiver. 
k (1 /mm) k(1/mm) 
Figure 3.3. The effect of the transducer vertical position on the k-f domain result. The 
transmitter and receiver are both #P2, orientated at 10°. The transmitter is at 100 mm and the 
receiver is at a different vertical position of (a) 50 mm and (b) 150 mm. 
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k(1/mm) k(1/mm) 
Figure 3.4. The effect of the transducer orientation on the k-f domain result in the planar-
planar case. Both transducers are #P2. (a-) a' = 10°, a = 12°; (b-) a' = 10°, a = 15°. (-E) 
experiment; (-M) model. 
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Owing to the diffraction effect, the smaller the transducer diameter, the larger the 
angular beam spread of the transducer. The transducer diameter therefore also influences the 
measurement result in the &-/domain. Figure 3.5 illustrates one example. In this figure, (a-
E) and (b-E) show two experimental results in the k-f domain. For (a-E) the receiver is #P3 
with a diameter of 12.7 mm, whereas for (b-E) the receiver is #P1 with a diameter of 6.35 
mm. In both experiments the transmitter is #P2 with a diameter of 9.53 mm, and the 
transmitter and the receiver are both at 10°. By comparison we can see that the high-
amplitude region in (b-E) is wider than that in (a-E) because the receiver in (b-E) has a 
smaller diameter and a larger angular beam spread. A transducer with a smaller diameter can 
therefore help increase the angular range of the £-/domain result. The model calculation 
results for the above two experiments are respectively shown in Figs. 3.5 (a-M) and (b-M); 
they support the same conclusion. 
Planar'focused case 
In the planar-focused case one of the two transducers, either the transmitter or the 
receiver, is planar, and the other is focused. Such an arrangement provides an interesting 
case of the beam interaction between the transmitter and the receiver. For the k-f domain 
experimental result shown in Fig. 3.6 (a-E), the transmitter is #P2 (5 MHz in center 
frequency and 9.53 mm in diameter) and the receiver is #F4 (5 MHz in center frequency, 
25.4 mm in diameter and 102 mm in focal length). Both transducers are oriented at 10°. The 
amplitude of the k-f domain result is the largest at the transducer orientation angle 10°, which 
is the same as in the planar-planar case. A focused receiver, however, is very different from 
a planar receiver; it can detect the structure of an acoustic field.25,26 In this case the focused 
receiver detects not only the mainlobe but also the sidelobes of the planar transmitter. We 
therefore see in the £-/domain the strong sidelobe effects of the transmitter. The model 
prediction is shown in Fig. 3.6 (a-M). The region of high amplitude has a nearly constant 
cross-sectional width, which is mainly determined by the planar transmitter because the 
focused receiver has a much wider angular beam spread than the planar transmitter. The 
cross-sectional width in this case is larger than that in Fig. 3.2 (d) where #P2 is used as both 
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Figure 3.5. The effect of the transducer diameter on the k-f domain result in the planar-planar 
case. The transmitter and the receiver are both at 10°. The transmitter is #P2 with a diameter 
of 9.53 mm where as the receiver is #P3 with a diameter of 12.7 mm in (a-) and #P1 with a 
diameter of 6.35 mm in (b-). (-E) experiment and (-M) model. 
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Figure 3.6. The effect of the transducer order on the k-f domain result in the planar-focused 
case. The transmitter and receiver are both at 10°. (a-) the transmitter is #P2 and the receiver 
is #F4; (b-) the transmitter is #F4 and the receiver is #P2. (-E) experiment and (-M) model. 
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the transmitter and the receiver. This is again because the focused receiver #F2 has a larger 
angular beam spread than the planar receiver #P2. 
When the transmitter and the receiver are exchanged, the experimental result in the k-
f domain is shown in Fig. 3.6 (b-E). The result is very similar to the result before the two 
transducers are exchanged (shown in Fig. 3.6 (a-E)). The cause, however, is different. After 
the exchange, the focused transmitter emits a large angular range of incident wave 
components. The planar receiver detects not only the reflected plane-wave components in its 
mainlobe but also the components in its sidelobes. As a result we again see the mainlobe and 
sidelobe effects in the k-f domain. The order of the two transducers affects little on the k-f 
domain result. The model predictions for the experiments before and after the exchange of 
the transducers are shown in Figs. 3.6 (a-M) and (b-M), respectively. Owing to the 
reciprocity principle,9'10 the model results are identical. 
The effect of the transducer orientation in the planar-focused case is illustrated in Fig. 
3.7. For the &-/domain result shown in Fig. 3.7 (a-E), the planar transmitter #P2 is orientated 
at 10°, and the focused receiver #F4 is rotated from 10° to 15°. We can see that the high-
amplitude region remains at 10°, the orientation angle of the planar transmitter. If the planar 
transmitter is rotated from 10° to 15° and the focused receiver remains at 10°, however, the 
high-amplitude region rotates accordingly, as we can see from the result shown in Fig. 3.7 (b-
E). The model results for the two experiments are respectively shown in Figs. 3.7 (a-M) and 
(b-M); they predict the experimental observation very well. In both experiments because the 
reflected beam from the planar transmitter is still within the angular beamwidth of the 
focused receiver, the orientation of the high-amplitude region in the £-/domain is determined 
by the orientation angle of the planar transmitter. 
Focused-focused case 
Focused transducers are used as both the transmitter and receiver in the focused-
focused case. We begin this case with an experiment using a pair of #F4 (5 MHz in center 
frequency, 25.4 mm in diameter and 102 mm in focal length) at the same orientation angle of 
12°. The synthetic aperture scan has been performed in a near con-focal geometry. The 
receiver transducer is positioned with its focal point in the upper surface of the plate sample. 
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Figure 3.7. The effect of the transducer orientation on the £-/domain result in the planar-
focused case. The transmitter is #P2 and the receiver is #F4. (a-) the transmitter is at 10° 
and the receiver is at 15°; (b-) the transmitter is at 15° and the receiver is at 10°. (-E) 
experiment; (-M) model. 
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The transmitter is positioned to allow for some overlap between the two transducers. Similar 
to the planar-planar case, the vertical positions of the transmitter and receiver are found to be 
not critical, as long as the two transducers are not too far from the sample. The obtained k-f 
domain result is shown in Fig. 3.8 (a-E). We can see that the result is significantly different 
from what we have observed previously in the planar-planar or planar-focused cases. In the 
previous two cases the angular beam width A.6 decreases inversely proportional to the 
frequency. In this case 
The angular beam width A6 is therefore independent of frequency, which is the reason why 
we see a constant angular span in the k-f domain result shown in Fig. 3.8 (a-E). It should be 
noted that the first approximation in Eq. (3.19) is valid under the assumption that /?, which 
is equal to 2F0 I KFWÇ , is far smaller than 1. This assumption is valid when the 
measurement frequency is high; it allows us to ignore the diffraction effect of the finite 
aperture so that the angular beam spread of the transducer depends only on the ratio of the 
aperture size a to the focal length FQ. For typical immersion experiments at several MHz, 
this is a good assumption.21,26 Because the focused transmitter and receiver both have a wide 
angular beam spread, we get a much wider view of the RC and its associated dispersion 
spectrum than in the planar-planar or planar-focused cases. For the result shown in Fig. 3.8 
(a-E), the angular range is roughly from 6° to 18°. The angular range can be larger if the two 
focused transducers had a higher ratio of a to FÇ>. Common commercially available focused 
transducers can have such an a IF0 ratio of about 0.375, which gives a usable angular beam 
spread of about 45°. With this type of highly focused transducers, almost the entire angular 
range accessible by phase-matched fluid coupling can be measured in one synthetic aperture 
scan with the transmitter and receiver at a single orientation angle. 
P KFWQP 2 F0 
1 Wo 
= 0.376—, 
F0 
(3-19) 
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Figure 3.8. A comparison between the experimental and model results in the k-f domain in 
the focused-focused case, (a-) the transmitter and receiver are both #F4 (5 MHz in center 
frequency, 25.4 mm in diameter, 102 mm in focal length) and the orientation angles are both 
12°; (b-) the receiver is rotated to 17°; (c-) the diameter of the transmitter is decreased to 12.7 
mm (#F1); and (d-) the focal length of the receiver is decreased to 63.5 mm (#F3). (-E) 
experiment and (-M) model. 
136 
k (1/mm) k(1/mm) 
k (1/mm) k (1/mm) 
Figure 3.8. (Continued) 
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The £-/domain result when the receiver is rotated from 12° to 17° is given in Fig. 3.8 
(b-E). Compared to the result shown in Fig. 3.8 (a-E), the angular range of the k-f domain 
result is only slightly smaller. Because the transmitter and the receiver both have a relatively 
large angular spread, the k-f domain result is much less sensitive to the transducer orientation 
than in the planar-planar case. 
The effects of the transducer diameter and focal length are illustrated in Figs. 3.8 (c-
E) and (d-E), respectively. In Fig. 3.8 (c-E), the transmitter is #F4, the same as in (a-E), 
while the receiver #F2 has the same focal length but a smaller diameter than the one used in 
(a-E). The angular range of the k-f domain result is also smaller than that of the result shown 
in Fig. 3.8 (a-E), because the receiver now has a smaller angular beam spread. For the k-f 
domain result shown in Fig. 3.8 (d-E), the transmitter is #F4, the same as in (a-E), while the 
receiver #F3 has the same diameter but a smaller focal length. Because the receiver has a 
larger angular beam spread when acting as a transmitter, the k-f domain result shows a larger 
angular span. From the above experiments we can see that the ratio of the aperture size to 
the focal length determines the angular range of the measured k-f domain result. We can also 
see that the two focused transducers need not be identical to get a rapid mapping of the RC 
and its associated dispersion spectrum. 
The 2-D CTP model predictions for the experiments in Figs. 3.8 (a-E), (b-E), (c-E) 
and (d-E) are shown in Figs. 3.8 (a-M), (b-M), (c-M) and (d-M), respectively. By 
comparison we can see that the model predicts well the angular pattern of the experimental 
results in the £-/domain, although the sidelobe behavior is not reproduced. 
Rapid RC reconstruction 
The method of rapid RC reconstruction is demonstrated on the 1.60-mm-thick 
aluminum plate using a pair of highly focused probes #F1 (2.25 MHz in center frequency, 
19.1 mm in diameter and 25.4 mm in focal length). Two synthetic aperture scans have been 
performed: the first is a sample scan on the plate sample, and the second is a reference scan 
on a block steel material with a known density of 7.87xl03 kg/m3, a longitudinal wave 
velocity of 5.76xl03 m/s, and a shear wave velocity of 3.13xl03 m/s. In both scans the 
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transducer orientation angles are 24°. The results of the sample scan in the x-t and k-f 
domains are shown in Figs. 3.9 (a) and (c), respectively. Because this pair of transducers has 
a high ratio of a to FQ, we are able to map out the dispersion spectrum for phase-match angles 
as small as 3°, quite near to the mode cut-offs, and as large as 45°, beyond the shear critical 
angle. Such a wide angular coverage would require many measurements if planar 
transducers were used instead. The x-t domain result of the reference scan is shown in Fig. 
3.9 (b) and the fc-/domain result is shown in Fig. 3.9 (d). The differences between the results 
of the sample and reference scans are difficult to observe in the x-t domain (shown in Figs. 
3.9 (a) and (b), respectively). The differences, however, are very obvious in the £-/domain. 
The domain result of the sample scan (Fig. 3.9 (c)) clearly shows the plate dispersion 
spectrum. In the reference scan because the acoustic impedance of the steel material is much 
higher than that of the coupling fluid water, the RC at the water-steel interface is very close 
to the unity. Therefore, in the k-f domain result of the reference scan (Fig. 3.9 (d)) we see 
mostly the contribution of the transducer beams and the electronic responses rather than the 
reflection behavior at the water-steel interface. The reconstructed RC is calculated using Eq. 
(3.15) and a Wiener filter.27 The result is shown in Fig. 3.9 (e). The calculated plane-wave 
RC for the aluminum plate immersed in water is shown in Fig. 3.9 (f). It can be seen that in 
the effective measurement ranges, from 3° to 45° in phase-match angle and from 0.5 MHz to 
3.5 MHz in frequency, the reconstructed RC match the theoretical calculation very well. 
Summary 
We have extended the complex transducer point (CTP) approach to model the k-f 
domain receiver output voltage measured from a synthetic aperture scan in a pitch-catch 
reflection arrangement that employs either planar or focused transducers. Using this analytic 
tool and extensive experiments, we have demonstrated the transducer beam effects on the k-f 
domain results in various experimental conditions. 
It has been found that the transmitter and receiver beams determine the angular range 
of the k-f domain result, which is similar to the effects of transducer frequency responses. 
The beam of a planar transducer is well collimated whereas a focused transducer can have a 
very large angular beam spread. When the transmitter and receiver are both planar and 
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Figure 3.9. Rapid reconstruction of the RC on an aluminum plate, (a) the x-t domain data in 
the sample scan, (b) the x-t domain data in the reference scan, (c) the k-f domain result in the 
sample scan, (d) the k-f domain result in the sample scan, (e) the reconstructed RC and (f) the 
calculated plane-wave RC. 
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orientated at the same orientation angle, only a very narrow portion of the RC can be mapped 
out. The mapped RC is along the transducer orientation angle and has a nearly constant 
cross-sectional width determined by the angular beam spread of both the transmitter and 
receiver. The k-f domain result is also very sensitive to the transducer orientations. When 
one of the transducers is focused, the k-f domain result is mainly determined by the 
parameters of the planar transducer when its orientation is within the angular bandwidth of 
the focused transducer. If both transducers are focused, the k-f domain result can have a 
large angular span of more than 40°. The k-f domain result is relatively insensitive to the 
mismatch between the orientation angles of the transmitter and the receiver. In all cases, the 
k-f domain results are found not sensitive to the transducer vertical positions and the order of 
the transmitter and the receiver. 
The synthetic aperture scan using a pair of highly focused transducers provides a very 
efficient method to map out the major portions of the RC and its associate plate dispersion 
spectrum. The experimental result on the aluminum plate sample has demonstrated that 
almost the entire angular range accessible by phase-matched fluid coupling, from near mode 
cut-offs to beyond the shear critical angles, can be measured in one synthetic aperture scan 
with a pair of highly focused transmitter and receiver at a single orientation angle. This rapid 
RC reconstruction method is of great significance for materials property estimation in plates, 
as we will demonstrate in the next section. 
II. Application to Elastic Property Estimation 
RC and elastic property extraction 
The plane-wave reflection coefficient (RC) is the physical quantity that contains the 
elastic information of the plate. The RC is determined by the elastic behavior of the plate and 
the coupling fluid; it completely defines the interaction between an acoustic plane wave and 
the plate. Individual stiffnesses contribute differently to the RC and its associated dispersion 
spectrum.1 Studying the sensitivity of the dispersion spectrum to individual elastic 
stiffnesses therefore serves as a basis for selecting the measurement data in efficient 
reconstruction of the elastic constants. In the following we use two examples, an isotropic 
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plate and an anisotropic plate, to illustrate the sensitivity of the dispersion spectrum to 
individual stiffnesses and to indicate the strategy for extracting the plate elastic properties 
from the dispersion spectrum. 
The isotropic-plate case is illustrated in Fig. 3.10. The plate is a 1.0-mm-thick 
aluminum plate, and the coupling fluid is water. Figure 3.10 (a) shows the amplitude of the 
plane-wave RC as a function of the wave number k (from 0 to 10 mm"1) and the frequency/ 
(from 0 to 5 MHz) in an image format where the brightness is proportional to the RC 
magnitude. Based on the minimum-amplitude regions, we are able to see clearly five guided 
wave modes: AQ, SO, Ai, Si and S2- To illustrate the sensitivity of the RC to individual elastic 
constants, we change one constant at a time and study the corresponding variation in the RC 
spectrum. For an isotropic material, there are only two independent elastic constants, Lamé 
constants x and /i, or, Cn (=A+2\£) and C44 (=fi). When Cn is increased by 10%, the change 
in the RC magnitude is shown in Fig. 3.10 (b). Because only the longitudinal wave velocity 
is affected, the change of Cn affects significantly the Si and S2 modes only; there is very 
little change in the remainder of the RC. If the shear modulus C44 is increased by 10%, 
however, both the longitudinal and shear wave velocities increase, and nearly all parts of the 
dispersion spectrum are affected significantly, as we can see from the RC magnitude 
variation shown in Fig. 3.10 (c). Based on Figs. 3.10 (b) and (c), we have identified a 
strategy for reconstructing the elastic behavior of an isotropic plate. We use the high phase-
match angle data, such as the AQ mode, to determine C44 first, because this portion of the 
dispersion data is quite sensitive to C44, but insensitive to Cn. Once C44 is determined, we 
use the low phase-match angle data, such as the Si mode, to determine Cn- In this fashion 
the stiffnesses of the plate can be efficiently reconstructed. Another important observation 
here is that by mapping out the dispersion spectrum near the mode cut-offs, we can use the 
cut-off frequencies to make a quick estimate of two elastic constants, because the cut-off 
frequencies depend on either the longitudinal or the shear wave velocity. These two 
estimates serve as a good initial variable set for the optimization algorithm that further 
refines the stiffnesses using the data selected from various portions of the entire dispersion 
spectrum. 
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Figure 3.10. The rc of a 1.0-mm-thick aluminum plate immersed in water and its sensitivity 
to individual elastic constants, (a) the rc amplitude, (b) the change of the rc amplitude if 
Cn is increased by 10%, and (c) the change of the rc amplitude if C44 is increased by 10%. 
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The anisotropic plate can be treated in a similar manner. For the example illustrated 
in Fig. 3.11, the plate is a 1.0-mm-thick uni-axial graphite/epoxy laminate, which can be 
considered transversely isotropic with five independent elastic constants, Cu, C13, C33, C44 
and C55, assuming that the fibers are in the x direction. Among those elastic constants, Cu, 
C13, C33 and C55 can be inferred from the measurement in the x direction, and C33 and C44 
from the measurement in the y direction. The y measurement is in the plane of isotropy and 
is therefore the same as the isotropic case that has already been discussed. Here we discuss 
the x measurement only. Figure 3.11 (a) presents a plot of the magnitude of the plane-wave 
RC for this laminate immersed in water. Again, we are able to clearly see various guided 
wave modes including AQ, So, AI, and Si from the minimum-amplitude regions. Because the 
acoustic impedance of this laminate is much closer to that of water than that of the aluminum 
plate in the isotropic case, the minimum-amplitude regions are relatively wider. When we 
change individually the four related elastic constants Cu, C13, C33 and C55, the corresponding 
RC magnitude variations are shown in Figs. 3.11 (b), (c), (d) and (e), respectively. For Cn, 
C33 and C55, the change is a 10% increment. Constant C13 has only a small effect on the 
ultrasonic reflection behavior because it is relatively small compared to other constants. An 
increment of 50% is used in order to see clear variations in the RC. Owing to its relative 
insensitivity in the dispersion behavior, C13 is difficult to determine accurately from our 
measurements. From Figs. 3.11 (b), (c), (d) and (e), we can see that different constants 
contribute differently to different portions of the dispersion spectrum. For example, Cn 
mainly affects the dispersion spectrum near the phase-match angle of the low-frequency So 
mode, whereas C33 affects significantly the So, A[ and Si branches. Such a sensitivity study 
serves as a guide for estimating individual elastic constants and for selecting dispersion data 
for elastic constant reconstruction. For this laminate, we again use the mode cut-off 
frequencies to make a quick estimate of C33 and C55. We also use the slope of the low-
frequency part of the So mode to estimate Cu-5 We then select the targeted dispersion data 
that are respectively sensitive to Cu, C13, C33 and C55, as indicated by arrows in Fig. 3.11 (a). 
Finally, we use an optimization algorithm to refine the estimates and extract the elastic 
constants in order: first C33, then Cu and C55, and finally C13. 
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Figure 3.11. The RC in the fiber direction of a 1.0-mm-thick uni-axial graphite/epoxy 
laminate immersed in water and its sensitivity to individual elastic constants, (a) the RC 
amplitude. The change of the RC amplitude is shown in (b) if C\ t is increased by 10%, (c) if 
Cn is increased by 50%, (d) if C33 is increased by 10%, and (e) if C55 is increased by 10%. 
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The above elastic constant reconstruction procedure can be summarized as follows: 1) 
make an approximate estimate of the elastic constants using mode cut-off frequencies and 
other structural characteristics of the dispersion spectrum; 2) isolate the regions that are 
sensitive to individual elastic constants based on the sensitivity study, and locate the 
reflection minima; and 3) start with the estimates and reconstruct the elastic constants in 
order from the selected dispersion data using an optimization algorithm. The choice of the 
optimization algorithm is not critical here, because we have the acceptably accurate initial 
estimates for the elastic parameters and because the data set is small. In addition, because we 
reconstruct one parameter at a time, a one-dimensional optimization algorithm is sufficient 
and it is also much more reliable than the multi-dimensional routines. In this work we have 
used a golden-section optimization algorithm,28 although any equivalent optimization method 
would work as well. The following function is used as the object function F, 
F = fJ(Ve i-Vm i)2  ,  (3.20) 
i=i 
where N is the total number of selected data points for reconstruction, Vei and Vmi, are the 
measured reflection minima and model-predicted reflection minima, respectively. 
The advantage of this stepwise, targeted approach is obvious. Only a small portion of 
the whole dispersion data set is ever used; nevertheless, this set of targeted data determines 
the framework of the dispersion spectrum and provides all the necessary information for 
accurate determination of all the elastic constants. In fact, as we will see from the 
experimental results to be presented later, if the targeted data are fit very well, the rest of the 
dispersion data are fit automatically. 
Here we also see the advantage of using the RC as the quantity for elastic constant 
reconstruction and the necessity of mapping the RC in a large angular range. The RC 
sensitivity study clearly shows what dispersion data are needed for reconstructing every 
constant and how easily those constants can be determined. The RC mapped out in a large 
angular range provides the data necessary for determining different elastic constants; it also 
provides a way to use the cut-off frequencies to make accurate estimates of two elastic 
constants. By using the synthetic aperture scan method discussed in the previous section, the 
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large angular range RC mapping not only is possible, but also can be achieved in a very 
efficient manner. 
Samples and experimental procedure 
We have performed the elastic property determination on both isotropic and 
anisotropic plates. The two isotropic plates are one 1.60-mm-thick aluminum plate with a 
mass density of 2.78xl03 kg/m3 and one 0.98-mm-thick glass plate with a density of 
2.46x103 kg/m3. The anisotropic plate samples consist of one <001> cut 525-^m-thick 
silicon wafer with a density of 2.33xl03 kg/m3, one uni-axial T300/CG-914 [0]g graphite-
epoxy laminate with a thickness of 0.92 mm and a density of 1.60xl03 kg/m3, and one bi­
axial laminate [0/90]3s of AS/4-3501 with a thickness of 1.58 mm and a density of 1.62xl03 
kg/m3. 
The details of the experimental system and the rapid RC mapping procedure have 
been described in detail in section I. To evaluate the elastic behavior of each plate sample, 
we first perform the synthetic aperture scan using a pair of highly focused transducers to get 
a rapid mapping of the RC and its associated dispersion spectrum. Then we use the stepwise, 
targeted elastic constant reconstruction procedure to determine the elastic constants from the 
obtained k-f domain result. We also use contact-mode longitudinal and shear wave 
transducers to measure various ultrasonic velocities to serve as an independent check of our 
reconstruction results. 
Results and discussion 
Characterizing isotropic plates 
The first sample we tested is the 1.60-mm-thick aluminum plate. The spatial scan is 
performed using a pair of highly focused transducers #F1 at an orientation angle of 24°. The 
raw scan data in the x-t domain and the processed data in the k-f domain have been shown 
previously in Figs. 3.9 (a) and (c), respectively. After running the dispersion curve based 
elastic constant reconstruction procedure, we obtain Cn = 54.1 GPa and C44 = 27.3 GPa. To 
check the reconstruction results, we use the two reconstructed elastic constants to calculate 
147 
the dispersion curves and compare them with the experimental reflection minima. The result 
is shown in Fig. 3.12. In this figure the open circles are the experimental minima nearby the 
calculated dispersion curves and the solid and dashed curves represent the calculated 
dispersion curves of the symmetric and anti-symmetric guided wave modes, respectively. 
We see that the calculated dispersion curves agree very well with the experimental reflection 
minima in all regions, although we have used only a small portion of the reflection minima 
for optimization. To check the reconstruction results independently, we have used a 5-MHz 
contact-mode longitudinal wave transducer (Panametrics V311, 6.35 mm in diameter) and a 
5-MHz contact-mode shear wave transducer with a delay line (Panametrics V220-BA, 6.35 
mm in diameter) to measure the longitudinal wave velocity yL and the shear wave velocity 
Vs. The results are VL = 6.38xl03 m/s and Vs — 3.10xl03 m/s, which give a Possion's ratio of 
0.345. The reconstructed longitudinal and shear wave velocities are VI = 6.25xl03 m/s and 
Vs = 3.13xl03 m/s. The difference percentages between the results from reconstruction and 
the contact measurement are 2.0% and 1.0%, respectively for VL and Vs. 
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Figure 3.12. A comparison between the experimental RC minima and the model-predicted 
dispersion curves based on the reconstructed elastic constants on the aluminum plate. 
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The second isotropic sample is a 0.98-mm-thick glass plate with a relatively low 
Possion's ratio of about 0.22. The same pair of 2.25-MHz highly focused probes (#Fi) have 
been used for the measurement and the k-f domain result are shown in Fig. 3.13 (a), where 
we can clearly see the four plate wave modes including AQ, SO, AI and S\. Using the same 
reconstruction procedure, we infer a longitudinal wave velocity VL = 5.72xl03 m/s and a 
shear wave velocity Vs = 3.42xl03 m/s, or Cn = 80.4 GPa and C44 = 28.8 GPa. A 
comparison between the experimental reflection minima and the calculated dispersion curves 
using the reconstructed elastic constants is shown in Fig. 3.13 (b). Again we see that the 
agreement between the model and experiment is excellent. The contact measurements give a 
longitudinal wave velocity of 5.73xl03 m/s and a shear wave velocity of 3.49xl03 m/s, 
which respectively have a 1.2% and 2.0% difference from the reconstructed results. 
Characterizing anisotropic plates 
The first anistropic plate we have tested is the 525-yum-thick silicon wafer. The 
material is cubic with three independent elastic constants, Cn, C12, and C44. Because the 
sample is relatively thin, we use a pair of cylindrically focused probes with a higher 
frequency of 10 MHz (Panametrics V311, 12.7 mm in diameter, 50.8 mm in focal length) for 
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Figure 3.13. The results on the glass plate sample, (a) the k-f domain result; (b) a 
comparison between the RC minima and the model-predicted dispersion curves based on the 
reconstructed elastic constants. 
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the measurement. This pair of transducers has a relatively smaller angular beam spread of 
about 10°. To get a larger angular range coverage of the dispersion spectrum, we have made 
two scans respectively with both transducers at 9° and 15°, and summed the scan results in 
the k-f domain. The combined £-/domain result is shown in Fig. 3.14 (a), from which we are 
able to see clearly four modes, AQ, SO, AI and 5j. The reconstructed elastic constants and their 
comparison with the nominal values29 are listed in Table 3.2. A comparison between the 
experimental reflection minima and the calculated dispersion curves using the reconstructed 
elastic parameters is shown in Fig. 3.14 (b). The agreement between the model and 
experiment is also quite good. 
° Experiment 
— Cal. S modes 
— Cal. A modes 
k (1/mm) k(1/mm) 
Figure 3.14. The measurement results on the 525-jum-thick silicon wafer sample, (a) the /c-f 
domain result from the synthetic aperture scan; (b) a comparison between the RC minima and 
the model-predicted dispersion curves based on the reconstructed elastic constants. 
Table 3.2. A comparison between the reconstructed elastic constants and 
their nominal values for the silicon wafer sample 
Elastic constant Cu Cl2 C44 
Reconstructed (GPa) 169 58.4 78.9 
Nominal (GPa) 166 63.9 79.6 
Difference percentage 1.9 8.6 0.9 
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The second anisotropic plate sample is the 0.92-mm-thick uniaxial T300/CG-914 [0]g 
graphite-epoxy laminate. For this sample, we have made two synthetic aperture scans: one 
along 0° (along the x axis), for Cu, Ci3, C33, and C55, and the other along 90° (along the y 
axis), for C33 and C44. In the y measurement, a pair of 2.25-MHz focused transducer (#F1) is 
used, whereas in the x measurement two 5-MHz cylindrically focused transducers 
(Panametrics V308, 19.1 mm in diameter, and 25.4 mm in focal length) are used in order to 
acquire more plate wave modes. The k-f domain results for the x and y measurements, are 
shown in Figs. 3.15 (a) and (c), respectively. The reconstructed elastic constants are shown 
in Table 3.3. Constant C33 has been reconstructed from both the x and y measurements: 15.8 
GPa from the x measurement and 15.7 GPa from the y measurement; the difference is less 
than 1%. To make a preliminary verification of the reconstruction results, we have also 
measured different ultrasonic velocities including V33 (the longitudinal velocity in the 
thickness direction), V13 (the shear wave velocity parallel to the fibers), V23 (the shear wave 
velocity normal to the fibers) and V5oll (the low-frequency phase velocity of the So mode in 
the fiber direction). The above four velocities have the following relationship with the elastic 
constants, 
A comparison of the velocities from reconstruction and the contact measurement is 
shown in Table 3.4. The difference percentages are less than 4%. Figures 3.15 (b) and (d) 
give a comparison between the experimental reflection minima and the model-predicted 
dispersion curves for the x and y measurements, respectively. We see again that the 
dispersion curves are fit very well almost in all parts of the dispersion spectrum although the 
elastic constants have been reconstructed based only on a small portion of the dispersion 
data. 
The last anisotropic plate sample we tested is the bi-axial composite laminate with a 
ply lay-up of [0/90]3s. A bi-axial laminate with a general ply lay-up can be considered as an 
orthotopic material with 9 independent elastic constants: Cu, C12, C13, C22, C23, C33, C44, 
C55, and Cô6- Among those constants, Cu, Cn, C33 and C55 can be determined from the scan 
(Cn-C.//Cz,) 
P 
(3.21) 
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Figure 3.15. The results on the uni-axial graphite/epoxy laminate. The k-f domain results are 
shown in (a) for the x measurement and (c) for the y measurement. The comparison between 
the experimental reflection minima and the model-predicted dispersion curves is shown in (b) 
for the x measurement and (d) for the y measurement. 
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Table 3.3. A list of the reconstructed elastic constants of the uni-axial composite sample 
Elastic constant Cn C,3 C33 C44 C55 
Reconstructed (GPa) 137 3.0 15.8 (15.7) 4.2 8.5 
Table 3.4. A comparison between the velocities from reconstruction and the contact 
measurements for the uni-axial composite sample 
Ultrasonic velocity Vson vl33 vs23 Vsi3 
Reconstructed (xlO3 m/s) 9.23 3.13 1.62 2.30 
Contact (xlO3 m/s) 9.54 3.15 1.64 2.29 
Difference (%) 3.2 0.6 1.2 0.6 
in the 0° (x )  direction whereas C22, C23, C33 and C44 can be measured in the 90° (y) direction. 
The remaining elastic constants are C12 and Qg. C12 can be determined in principle from a 
measurement away from axes of symmetry, but it has the similar difficulty as C13 and C23. 
These three constants are generally small compared to the other constants. They are 
insensitive to the dispersion behavior and are therefore difficult to measure accurately in our 
measurement. Cee can be inferred accurately according to the method outlined in ref. 8. For 
this particular laminate sample, the effective elastic properties are the same in the 0° and 90° 
directions, i.e. Cu = C22, C13 = C23, and C44 = C55. We therefore only measured the elastic 
property of the sample in the 0° direction. A pair of 2.25 MHz focused transducers (#F1) has 
been used and the k-f domain result is shown in Fig. 3.16 (a). We can clearly identify the So 
and Ai modes. The reconstructed constants are listed in Table 3.5. Those constants are used 
to calculate the dispersion curves and compare with the experimental reflection minima. The 
result is shown in Fig. 3.16 (b). We can see that the model calculation agrees well with the 
experiment. For this sample we have also measured the different ultrasonic velocities using 
contact longitudinal and shear wave transducers. The results and their comparison with 
calculated velocities based on the reconstructed elastic constants are shown in Table 3.6. 
Again we see that the differences are small, about 2% or less. It should be noted that the 
contact measurement is, of course, also subject to measurement errors. 
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Figure 3.16. The results on the bi-axial graphite/epoxy laminate with a lay-up of [0/90]3s-
(a) shows the k-f domain scan result and (b) gives a comparison between the experimental 
reflection minima and the calculated dispersion curves using the reconstructed elastic 
constants. 
Table 3.5. A list of the reconstructed elastic constants of the bi-axial composite sample 
Elastic constant cu Ci3 C33 C55 
Reconstructed (GPa) 74.0 7.8 16.3 5.6 
Table 3.6. A comparison between the velocities from reconstruction and 
the contact measurements for the bi-axial composite sample 
Ultrasonic velocity Vson VL33 Vsi3 
Reconstructed (xlO3 m/s) 6.58 3.17 1.86 
Contact (xlO3 m/s) 6.70 3.19 1.88 
Difference (%) 1.6 0.6 1.1 
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Summary 
We have demonstrated the effectiveness of the synthetic aperture scan technique with 
highly focused transducers for efficient reconstruction of the elastic properties in plate 
materials. By utilizing the large angular beam spread of highly focused transducers, almost 
the entire angular range accessible by phase-matched coupling in water can be measured with 
the transmitting and receiving transducers at a single orientation angle. A stepwise, targeted 
material property estimation procedure has been developed to permit the elastic constants to 
be reconstructed efficiently with only a minimal use of the highly redundant dispersion data. 
Experiments have been performed on both isotropic and anisotropic plates. The results show 
a difference of 5% or less from contact acoustic estimates for most of the elastic constants. 
General Conclusions 
The conventional two-planar-transducer leaky wave measurement configuration has 
been extended to allow the use of the either planar or focused transducers. The complex 
transducer point (CTP) approach has been used to effectively model the k-f domain receiver 
voltage and to study the effects from all the extrinsic experimental parameters including the 
transducer aperture size, curvature, orientation and position. Both model and experimental 
studies have confirmed that the transducer beam has important influences on the receiver 
output voltage. With the aid of the synthetic aperture scan technique, the large angular beam 
spread of the focused transducers can be utilized to obtain a rapid mapping of the reflection 
coefficient and its associated dispersion spectrum. The deduced dispersion data can be 
further used efficiently to reconstruct the elastic constants of the plate material through a 
stepwise, target procedure that eliminates from consideration most of the highly redundant 
dispersion data. Experiments have been performed on both isotropic and anisotropic plates, 
and the results show a less than 5% deviation from contact acoustic estimates. This method 
provides a rapid alternative to the use of electronically steered arrays or to cumbersome 
mechanical steering of planar transducer beams for material property estimation in plates. 
Although all the model and experimental study in this work has been limited to the water-
coupled reflection measurements, the same principles are completely applicable to fluid-
coupled or air-coupled transmission measurements for material property estimation in plates. 
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CHAPTER 4. RAPID TRANSMISSION COEFFICIENT 
RECONSTRUCTION AND MATERIAL PROPERTY ESTIMATION 
INFLATES 
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Dong Fei, Dale E. Chimenti and Sorin V. Teles 
Center for Nondestructive Evaluation and Department of Aerospace Engineering & 
Engineering Mechanics, Iowa State University, Ames, IA 50011-3042. 
Abstract 
Rapid reconstruction of the transmission coefficient (tc) of an infinite plate across 
a wide frequency band and over a large angular range is achieved by scanning a highly 
focused transducer along the plate to collect its transmitted field in a fluid-coupled setup. 
A temporal and spatial Fourier transform is applied to transform the acquired data from the 
x-t (spatial coordinate and time) domain to the k-f (wave number-frequency) domain. With 
the aid of a reference scan to measure beam profiles, the extrinsic effects of both the 
transducer beams and the electronic system responses are removed from the k-f domain 
result to reveal the intrinsic material property related tc. The reconstructed TC is then 
used to evaluate the elastic behavior of the plate. For isotropic plates, both longitudinal and 
shear constants are determined directly from the plate-wave mode cut-off frequencies 
mapped in a single transducer scan at low orientation angle. For anistropic plates, elastic 
constants are reconstructed through an inversion algorithm operating on the data selected 
from the different parts of the measured tc in a stepwise, targeted fashion based on 
sensitivity studies. We have also developed a complex transducer point model for the 
interpretation of the measurement results. Experiments on both isotropic and anisotropic 
159 
plates show a measurement error of less than 5% from the contact acoustic estimates for 
most of the elastic constants. 
PACS numbers: 43.20.Mv, 43.35.Cg. 
Introduction 
In the previous chapter we have employed a complex transducer point model to 
study the transducer beam effects on the receiver voltage in a reflection leaky wave 
arrangement that employs either planar or focused transducers. Both model analysis and 
experiments have demonstrated that the wide angular beam spread of highly focused 
transducers can be utilized to map the reflection coefficient (rc) efficiently and deduce its 
associated plate wave dispersion spectrum using a synthetic aperture scan technique.1"5 A 
stepwise, targeted procedure5 has also been developed to extract elastic constants from the 
selected dispersion data. In this work we apply the same principle to fluid-coupled 
transmission measurements. The reflection measurement has the advantage of single-side 
access. Because of geometric restrictions, however, the mode cut-offs and their 
neighboring regions (phase-match angles of 3° or less) are difficult to measure in a 
reflection arrangement. In a transmission geometry the transducers can be easily aligned to 
a zero or a very small orientation angle, making it possible to map out the mode cut-offs. 
Because the mode cut-off frequencies have a simple relationship to either the longitudinal 
or shear wave velocities in the thickness direction, the associated longitudinal and shear 
constants can be determined directly and simultaneously from a single transducer scan. 
This method provides a complete elastic property estimation procedure for an isotropic 
plate and is of particular significance to characterize thin plates for which it is often 
difficult to apply a contact shear wave transducer to measure the shear constant. For 
anisotropic plates the elastic constants are determined through an inversion algorithm 
operating on the carefully selected regions of the dispersion data. The stepwise, targeted 
method proposed in Chapter 3 is also applied here. Because the longitudinal and shear 
constants in the thickness direction are directly determined (or estimated) using the mode 
cut-off frequencies, the reliability of the inversion procedure is improved. 
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Measurement Principle 
In the measurement geometry shown in Fig. 4.1, two highly focused transducers are 
used: the transmitter has a radius of a' and a focal length of Fo', and the receiver has a radius 
of a and a focal length of FQ. The transmitter and the receiver are oriented respectively at CL' 
and a with respect to the positive z axis. The distances from the aperture centers of the 
transmitter and the receiver to the plate are z'and z, respectively. The quantities a"and a, a' 
and (%, z and z'are not necessarily equal. Both the transmitter and the receiver can be aligned 
to be normal to the plate, i.e. a' and a set equal to zero, as shown by the dashed sketches in 
Fig. 4.1. 
In the following we first employ the complex transducer point (CTP) approach6"12 to 
model both the focused transmitter and receiver in order to derive an expression for the 
receiver voltage at a single frequency and receiver position. We then analyze the synthetic 
aperture scan technique and reach the theoretical predictions for the receiver voltage in the k-
/(wave number-frequency) domain, where the comparison between model and experiment is 
to be made. The method of the rapid reconstruction of the transmission coefficient (TC) is 
also discussed at the same time. Finally we discuss the strategy for extracting the elastic 
constants from the reconstructed TC for both isotropic and anisotropic plates. It should be 
noted that because a planar transducer can be considered to be a curved aperture with an 
infinite focal length, the following analysis is also applicable to a conventional leaky wave 
measurement where a pair of identical planar transducers is used, often at the same 
orientation angle. 
Receiver voltage in the x-f domain 
A linear and electro-acoustically reciprocal Gaussian beam transducer, either as a 
transmitter or a receiver, can be replaced by a complex transducer point by displacing the 
transducer from its position at a real spatial coordinate to a complex spatial coordinate, 
according to the following operation,10 
r - + r = r + d + i b ,  (4.1) 
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Transmitter 
Figure 4.1. Geometric configuration used in the experiment and calculation. The orientation 
angle of the transmitting and receiving transducers, respectively a' and or, can be both zero. 
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where vector r = (x, y, z) is the location of the transducer aperture center, r = (x, y ,z ), is 
complex vector specifying the location of CTP in the complex plane, vector d is the 
transducer Gaussian beam waist location relative to the transducer aperture center, and vector 
b specifies the transducer beam direction and its Fresnel length. The directions of vectors d 
and b are the same: both are in the beam direction. The magnitude of vector b, or the Fresnel 
length b ,  is related to the 1f e  beamwidth at the waist location W  through b  = - — k f W 2 ,  where 
k f ( = ( o f c f )  is the fluid wavenumber, c o  is the circular frequency, and c f  is the sound speed 
in fluid. The beam width at the waist location W and the distance between the waist location 
and the transducer aperture center d, which is also the magnitude of vector d, are given by13 
a + p 2 ) 1 ' 2 '  i + p  W  =  W 0 — ,  d = - ^ - r ,  ( 4 . 2 )  
where /? = 2F0 l ( k f W ^ ) , F0 is the transducer focal length, and W Q  is the beam width at the 
transducer aperture. A good estimate is given by W0 =0.752a ,13'14 where a is the radius of 
the transducer aperture. For planar transducers, we simply let FQ be infinite, and we have 
d = F0/(l + p2) = k]W£Fqf(JcjWQ +4F02) —» 0, which means the beam waist is at the 
a p e r t u r e  c e n t e r ,  a n d  t h u s  W  =  W 0 .  
To model the receiver voltage in the configuration shown in Fig. 4.1, we apply the 
CTP model to both the transmitting and receiving transducers and get the following complex 
coordinates, respectively for the transmitter and the receiver 
x  =  x  —  d s i n c c  — i b s i n a ,  y  —  y ,  z  =  z  —  d c o s a  —  i b c o s c c , (4.3) 
x' = x' + d'sin a' + z£'sin a', y' = y\ z'= z'+ d'cos a'+ ib'cos cc'. (4.4) 
By applying Auld's reciprocity theorem,15 the receiver voltage for a single receiver position x 
and measurement frequency/, V(x,f), can be synthesized from the spectral decomposition 
of the complex transmitter point source, weighted by the plane wave reflection coefficent,10,12 
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exppfc (x - x') + i k v  ( y  -  y') -  i k  (z -  z ' ) ]  dkxdky, (4.5) 
where y(cy) is the combined frequency response of both transducers and associated 
electronics, pf is the mass density of the coupling fluid, T is the plane-wave transmission 
coefficient for the fluid-loaded plate, kK, ky and kz (=-Jkj —k\ —k2 ) are respectively the x ,  y  
and z components of the wave vector of the angular spectrum plane-wave components. 
Receiver voltage in the fc-/domain and TC reconstruction 
(1) 2-D case 
In the 2-D case we assume that both the transmitter and receiver have a two-
dimensional beam distribution in the x-z plane with no ^-dependence in any field variable. 
The receiver voltage given by Eq. (4.5) simplifies to 
v e x . / )  =  - J L T ( k , , o , / >  e x P t ' M *  - * ' )  - - ? ' ) ]  i k  _  
4tt j^° k. 
(4.6) 
where k .  = - y j k j  — k \  . Using a synthetic aperture scan, we measure the spatial Fourier 
transform of the receiver voltage as a function of both x and /. The spatial frequency 
spectrum of the receiver voltage is given by 
V ( k , f )  =.QtZ /) exP (~ikx)dx. (4.7) 
Substituting Eq. (4.6) into the above equation and using a derivation similar to the one in 
C h a p t e r  3 ,  w e  o b t a i n  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  V ( k , f )  
V». / )  -  / )  eKpm~id + ib) S i n "  - g  -  r >  1 . (4.8) 
2, AC, 
We further substitute the complex coordinates given by Eqs. (4.3) and (4.4) into Eq. (4.8), 
and we have 
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V ( k , f ) = — ^ Y ( f o ) m p f T ( J c , 0 ,  /)exp{-/&z|>zsin0 +(z-z')cos0 
+  d  cos(0 - a )  +  d ' c o s ( 6  — a ' ) ]  +  k f \ b c Q s ( d  - a )  + b ' c o s ( Q  -<%')]}, (4.9) 
where 6  (=arcsin(k f k f ) ) ,  is the phase-match angle or the incident angle of a particular 
angular spectrum plane-wave component from the transmitter. The amplitude of V ( k , f ) i s 
given by 
= Ir^lr^A/)! . (4.[0) 
2 &z cos 8 
From Eqs. (4.9) and (4.10) we clearly see the effects of the extrinsic experimental parameters 
on the k-f domain receiver voltage. First, the heights of the transmitter and the receiver, 
respectively z' and z, affect only the phase and not the magnitude of V(Jc,f ). Second, the 
transmitter and receiver beam spreads determine the angular range of V(Jc,f). Both the 
transmitter and the receiver have a Gaussian distribution beam profile centered on the beam 
axis at their orientation angles. The beam width A Q  , given by A d  =  ( 2  k b b ) ~ ^  =  ( k f W ) ~ l , is 
determined by the transducer Fresnel length b or the waist beam width W. The smaller the 
Fresnel length, the larger the angular spread of the transducer beam. In the receiver voltage 
the combined beam contribution from the transmitter and the receiver is the product of the 
individual transducer beam contributions. This is similar to the electronic frequency 
responses; the combined electronic frequency response is a product of the individual 
frequency responses of the transmitter and the receiver. For the best match between the 
beams and frequency responses of the two transducers, we shall use an identical transmitter 
and receiver and align them to the same incident angles. In that case b = b', a = a' and a = 
(/, and Eq. (4.10) becomes, 
|F«:,/)|s|y(a))mp/|r»,0,/)|eXp[2<:/èle'Cp[~2^/f'(9~a) ]. (4.11) 
2 kr cosO 
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The above equation is also applicable to the conventional planar transmitter-receiver leaky 
wave measurement with b =-^-£/ (0.752a)2. 
Equations (4.9) and (4.10) also show that the plane-wave TC, both its mangitude and 
the phase, can be reconstructed completely in a 2-D measurement. The orientation angle and 
the angular beam spread of both transducers determine the angular range of the reconstructed 
TC. To obtain a rapid mapping of the TC, the Fresnel lengths b and b' should be as small as 
possible. According to Eqs. (4.2) and (4.3) and the estimate of W0 = 0.752a , a transducer of 
a small Fresnel length can be achieved, either by decreasing the transducer aperture size or 
by decreasing the focal length. The former enhances the diffraction effect, and the latter the 
focusing effect. Because a small transducer aperture size usually leads to a lower generation 
or detection sensitivity, using highly focused transducers is a more effective way to achieve a 
small transducer Fresnel length and thus a large angular beam spread. 
The combined electronic frequency response sepectrum y(co) in all the above 
equations can be determined experimentally.16 This may not be a easy task, however, for 
focused transducers. A more convenient procedure that removes both the electronic 
frequency response and the spatial transducer beam dependence is to perform a reference 
scan under identical experimental settings, but with no plate sample in the acoustic path. The 
TC can then be reconstructed according to 
= (4.12) 
V r e f ( k , f )  
where Vref (k, /) is the measured k-f domain voltage in the reference scan. A Wiener filter17 
can be used when we calculate Eq. (4.12). 
(2) 3-D case 
The synthetic aperture scan method with focused transducers in the 3-D case is 
analyzed in a manner similar to the 2-D case. We apply the spatial Fourier transform directly 
to the 3-D voltage in the x-f domain given by Eq. (4.5), and it can be shown that 
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m, f )=~y(ù) ) c opf j2 j t (k , k y , f )  
^ exp{zfc[-(tif + i b )  sin a - x " ]  +  i k y  ( y - y ' ) -  i k z  (z + z')} (4.13) 
Unlike the 2-D case the k-f domain voltage contains the contribution from the angular plane-
wave components both in and out of the scan plane, defined by the z axis and the scan 
direction. Therefore, in a 3-D measurement the reconstructed TC is the average of the TC at 
different out-of-plane angles weighted by the transducer beams. A single one-dimensional 
spatial transducer scan is not sufficient for the complete reconstruction of the TC. Previously 
Lobkis and Chimenti have demonstrated this in their study of the 3-D transducer voltage in a 
conventional leaky wave measurement.18 Experimentally, we can use cylindrically focused 
transducers so that the experiments are essentially 2-D and thus the 3-D averaging effect on 
the reconstructed TC is suppressed. 
If we assume, however, that the plate material is isotropic (thus the transmission 
coefficient T is not a function of ky and can be moved out of the integral) and that both the 
transmitting and receiving transducer points and their beam directions are in the incident 
plane, i.e. y = y' = 0, then 
We can see that Eq. (4.12) is still applicable to this special case. Therefore for isotropic 
plates the RC can be reconstructed completely in the 3-D measurement with the aid of the 
reference scan, even if the transducers have a large angular spread out of the incident plane. 
Elastic stiffness reconstruction 
The TC is the intrisinc physical parameter that carries the elastic information of the 
plate material. The main structural characteristics of the TC is the plate wave dispersion 
curves. The relationship between the dispersion curves and the individual elastic constants is 
V ( k , f )  =  - ~ y ( c o ) a ) p f n k , 0 , f )  
x exp { i k [ - ( d  +  i b )  sin a — x'] exp[—i k z ( z  + z")] 
k. 
(4.14) 
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complicated owing to the distribution of energy in the various partial wave components in the 
plate. An optimization procedure is therefore often necessary in order to reconstruct the 
individual constants. There are, however, a few exceptions. For example, it is well known 
that the plate mode cut-off frequencies are simply related to either the longitudinal or shear 
wave velocities in the plate thickness direction 
where d is the plate thickness,^ and/A are the cut-off frequencies of the symmetric and anti­
symmetric modes, respectively. These cut-off frequencies can be used to determine the 
longitudinal and shear constants directly, with no need for optimization. The longitudinal 
mode cut-off frequencies are commonly used to determine the longitudinal constant, whereas 
the use of the shear mode cut-off frequencies in an immersion measurement is somewhat 
counter-intuitive. When the orientation angles of the transmitting and receiving transducers 
are both zero, the pure shear motion in the plate can neither be generated nor detected in an 
ideal fluid-coupled transmission measurement. Nevertheless, experimental results show that 
for materials with low attenuation, the dispersion spectrum near the shear mode cut-off 
frequencies can be easily measured in a simple low orientation-angle scan. Based on those 
dispersion data, we are able to acquire limiting frequencies that are almost identical to the 
shear cut-off frequencies. A simple low orientation-angle scan therefore provides a complete 
elastic property estimation procedure for isotropic plates. 
For anisotropic plates we first use the mode cut-off frequencies to determine or 
estimate the longitudinal and shear constants in the thickness direction. We then use a 
stepwise, targeted procedure developed in the previous chapter to effectively extract the 
elastic constants from the obtained dispersion data. In this procedure we choose carefully 
how we make use of the dispersion data by concentrating on portions of the dispersion curves 
where dependence on elastic properties is limited to a few of the full complement of elastic 
constants. We then proceed to obtain the elastic constants incrementally, beginning with 
parts of the dispersion curves where only one or two constants affect the plate wave behavior, 
%-N, (AT =0,2,4,...) %JN, (N = 0,2,4,...) 
-J-N,  (N = 1,3,5,...) 
(4.15) 
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and continue to add data from curves where other constants can be easily extracted, until all 
relevant constants have been inferred. 
Figure 4.2 illustrates the above elastic constant reconstruction procedure using a uni­
axial graphite/epoxy composite laminate as an example. A uni-axial laminate can be 
considered as a transversely isotropic material with five independent elastic constants, Cu, 
C13, C33, C44 and C55 (assuming that the fibers are in the x direction). Among those elastic 
constants, Cu, C13, C33 and C55 can be deduced from the measurement in the x direction, and 
C33 and C44 from the measurement in the y direction. The y measurement is in the plane of 
isotropy and is therefore the same as the isotropic case. Here we discuss the x measurement 
only. 
Figure 4.2 presents a plot of the magnitude of the plane wave TC in the k-f domain for 
a 1.0-mm-thick uni-axial graphite/epoxy laminate immersed in water. The grayscale in Fig. 
4.2 is proportional to the absolute value of the TC. The image format of presenting the RC 
and its dispersion spectrum was first introduced by Yang and Chimenti19. In the k-f domain a 
kOI/rnm) 
Figure 4.2. The plane-wave TC along the fiber direction of a 1.0-mm-thick graphite/epoxy 
laminate immersed in water and the sensitivity of its associated dispersion spectrum to 
individual elastic constants. 
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line through the origin has a constant slope of f c / f ,  which can be uniquely converted into a 
phase-match angle 6 in the coupling fluid, according to sin6 = cfk/27tf. Based on this 
relationship we label the phase-match angles at the upper and right frames of the image to 
clearly show the angular range of the &-/domain data. This format will be used extensively 
in the latter part of this work for presenting both model and experimental results in the k-f 
domain. 
In Fig. 4.2 the regions indicated by the arrows show the portions of the dispersion 
spectrum that are sensitive to individual elastic constants based on the sensitivity study20 of 
the TC. To obtain the elastic constants we use the mode cut-off frequencies to determine C33 
and make a quick estimate of C55. We also use the slope of the low-frequency part of the So 
mode to estimate Cu.4 We then use an optimization algorithm to operate on the targeted data 
for Cu, C13, and C55, and to obtain the three constants in order: first Cu, then C55, and finally 
Ci3. The choice of the optimization algorithm is not critical here, because we have the 
acceptably accurate initial estimates for the elastic parameters already and because the data 
set is small. In addition, because we reconstruct one parameter at a time, a one-dimensional 
optimization algorithm is sufficient and it is also much more reliable than the multi­
dimensional routines.21 In this work, we have used a simple golden-section optimization 
algorithm,21 although any equivalent optimization method would work as well. The 
following function is used as the object function F, 
F = 2(Vef-Vm,)2, (4.16) 
£=I 
where N is the total number of selected data points for reconstruction, Vei and Vmi, are the 
measured transmission maxima and model-predicted transmission maxima, respectively. 
Here we are able to see the advantage of using the TC to reconstruct the elastic 
constants: the TC sensitivity study shows clearly what dispersion data are needed for 
reconstructing every elastic constant and how easily those constants can be determined. We 
also see that in order to determine accurately different elastic constants we need the 
dispersion data from a very large phase-match angular range. The ability to map dispersion 
curves over a large angular range is desirable: it provides the data necessary for determining 
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different elastic constants, and it also permits to use the cut-off frequencies to determine or 
estimate the two elastic constants in the thickness direction. Fortunately, by using the highly 
focused transducers in a synthetic aperture transmission scan as discussed previously, the 
large angular range dispersion curve mapping not only is possible, but also can be done in a 
very efficient manner. 
Experimental Procedure 
A Parker-Daedel scanning system with precision linear control has been used for the 
measurement. The system has a resolution of 0.01 mm and a position repeatability of 0.03 
mm. Both the transmitting and receiving transducers are mounted on precision rotary stages 
with a usable angular resolution of 0.01 degree. The transmitting transducer is excited by a 
wide-band (about 28 MHz) electronic impulse generated by a pulse/receiver (Panametrics 
5052PR). The output voltage of the receiving transducer, after being amplified (0 - 40 dB) 
by the pulse/receiver, is fed into a Lecroy 9304 digitizing oscilloscope. A digital delay (DG 
535) is used to produce a delayed triggering signal to the oscilloscope so that the received 
signal appears within the oscilloscope screen window despite the long propagation time in 
the water path. In a typical experiment the RF waveform within the screen window is 
digitized into 500 points of data at a sampling frequency of 25 MHz (for 2 /us/div) or 50 MHz 
(for 1 /is/div) and is averaged 64 times. The data are finally transferred to a PC through the 
GPIB bus for storage and further analysis. 
To perform a synthetic aperture scan, the receiver transducer is scanned along the 
plate while other geometric parameters are held constant. The receiver voltage is sampled as 
a time signal at each coordinate position. The spatial scan step and the sampling time 
interval are respectively much less than the smallest wavelength and the time period of the 
plate wave modes of interest. The scan step varies from 0.1 mm to 1.0 mm, depending on the 
transducer type, orientation, position and sample properties. The total number of scan steps 
is about 200—300. The received signals in a scan decay naturally in both time and space. 
The time window and the scan range are set to be wide enough to collect all the received 
signals of a significant amplitude (typically larger than several percent of the maximum 
signal amplitude in the scan). The received signals outside of the time and spatial ranges are 
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very small and can be ignored; the scan ranges are therefore effectively infinite in both time 
and space.3 A Lab VIEW (National Instruments, TX) user interface has been developed on 
the PC to control the scan and data acquisition process. The acquired scan data are further 
processed using Fortran and MATLAB (Math Works, MA) programs. 
Experiments have been performed on both isotropic and anisotropic plate samples. 
The isotropic plates include a 1.60-mm-thick aluminum plate with a density of 2.78xl03 
kg/m3, a 3.00-mm-thick steel plate with a density of 7.90xl03 kg/m3, and a 0.98-mm-thick 
glass plate with a density of 2.46xl03 kg/m3. The anisotropic plates consist of a [001] cut 
525-yUm-thick silicon wafer with a density of 2.33xl03 kg/m3 and two composite laminates. 
One is a uni-axial T300/CG-914 [0]g graphite-epoxy laminate with a thickness of 0.92 mm 
and a density of 1.60xl03 kg/m3, and the other is a bi-axial laminate [0/90]3s of AS/4-3501 
with a thickness of 1.58 mm and a density of 1.62xl03 kg/m3. Four pairs of focused 
transducers have been used for the measurement. The first pair (Panametrics V305) is 
spherically focused and has a center frequency of 2.25 MHz, a diameter of 19.1 mm and a 
focal length of 25.4 mm, which can effectively map out about 40° of dispersion spectrum at a 
time. The second pair (Panametrics V308) has the same diameter and focal length but is 
cylindrically focused and has a higher frequency of 5 MHz. Another 5-MHz spherically 
focused transducer pair (Panametrics 309) has a diameter of 25.4 mm and a focal length of 
102 mm. The last pair (Panametrics V311) is cylindrically focused and has a center 
frequency of 10 MHz, a diameter of 12.7 mm and a focal length of 50.8 mm. 
For each sample we first perform the synthetic aperture scan to reconstruct the TC 
and its dispersion spectrum in the k-f domain. We then use the stepwise, targeted 
reconstruction procedure to extract the elastic stiffnesses from the measured dispersion 
spectrum. We also use contact-mode longitudinal and shear wave transducers to measure 
various ultrasonic velocities to serve as an independent check on our reconstruction results. 
Results and Discussion 
In this section we first demonstrate the method of the rapid reconstruction of the TC 
using the synthetic aperture scan of a pair of highly focused transducers, through a 
comparison with the scan results with planar transducers. We then apply this method and the 
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stepwise, targeted elastic constant reconstruction procedure to characterize the elastic 
behavior of both isotropic and anisotropic plates. 
Rapid TC reconstruction 
As we have seen from the model analysis in the Measurement Principle section, the 
transducer beam has important influences on the £-/domain results obtained from a synthetic 
transducer aperture scan. The orientation angle and the angular beam spread of the 
transmitting and receiving transducers determine the angular range of the mapped dispersion 
data. Figure 4.3 gives a comparison between the scan results by planar and focused 
transducers on a 1.60-mm-thick aluminum plate. For the planar transducer scan, two 
nominally identical planar transducers (Ultran L37-5, 5 MHz center frequency, 9.53 mm in 
diameter) have been used. Both transducers are oriented at 6° and positioned at 100 mm 
from the plate. The scan has been performed forx,- from —18.0 mm to 22.0 mm at a scan step 
size of 0.2 mm. The length of the time window is 10 [is and the sampling frequency is 50 
MHz. Figure 4.3 (a) shows the original scan data in the x-t domain as a grayscale image with 
the brightness proportional to the voltage amplitude. We see clearly the directly arrived 
pulses and their trailing leaky signals at later times. The entire transmitted field from the 
transmitter, in both time and space domains, has been effectively collected by scanning of the 
receiver along the plate. The x-t domain data are further transformed into the k-f domain 
using two consecutive Fourier transforms in the t and x coordinates, respectively. The result 
is shown in Fig. 4.3 (c), where the grayscale of the image is proportional to the magnitude of 
the k-f domain data in dB. Equation 4.11 has been used to predict the k-f domain voltage and 
the result is shown in Fig. 4.3 (e). By comparison we see the model predicts well the main 
features of the experimental result. In both Figs. 4.3 (c) and (e), the k-f domain data of high 
amplitude concentrate at the transducer orientation angle of 6° and have a nearly constant 
cross-sectional width. The transmission peaks indicate various plate wave modes. Because 
the angular beam spreads of both the transmitter and the receiver are small, we are able to 
view only a very narrow portion of the entire TC. 
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Figure 4.3. A comparison between the synthetic aperture scan results using planar and 
focused transducers, (a) and (b) are the raw scan data in the x-t domain, (c) and (d) are the 
processed data in the k-f domain in dB, (e) and (f) are the model calculations in dB. In (a), 
(c), and (e) the transducers are a pair of 12.7-mm-diameter planar transducers at 6°. In (b), 
(d) and (f) a pair of focused transducers with a diameter of 25.4 mm and a focal length of 102 
mm is used, also at 6°. The sample is a 1.60-mm-thick aluminum plate in water. 
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For the scan with focused transducers, a pair of spherically focused transducers 
(Panametrics V309) with a center frequency of 5 MHz, a diameter of 25.4 mm, and a focal 
length of 102 mm has been used. The transmitter and the receiver are also oriented at 6° and 
positioned at 100 mm from the plate. Such an arrangement forms a nearly confocal 
geometry. The measurement results, however, are found to be insensitive to the vertical 
positions of the transducers as long as the two transducers are not too far from, or too close 
to, the plate. The scan has been performed for .r,- from —18.0 mm to 15.0 mm at a step of 0.2 
mm. The sampling frequency is also 50 MHz, and the time window is 10 /js in length. The 
original scan data in the x-t domain is shown in Fig. 4.3 (b), where we see that the ray traces 
of the received signals appear more curved than that in the planar case (Fig. 4.3 (a)). This is 
because of the focusing effect of the transducers. Figure 4.3 (d) shows the data in the 
transformed k-f domain in dB. The data show a very different pattern from the k-f domain 
result by the planar transducers (Fig. 4.3 (c)). The data of high magnitude in the focused 
transducer scan have a constant angular span whereas the data in the planar transducer scan 
have a constant cross-sectional width. The focused transducer scan gives a much wider field 
view of the dispersion spectrum. By taking the advantage of the angular beam spread of the 
focused transducers, we are able to view the plate dispersion spectrum for the phase-match 
angles between 0° and 12°, although both transducers are oriented at a single angle of 6°. 
The plate mode cut-offs have also been mapped out clearly. Another difference here is that 
in the £-/domain result by focused transducers (Fig. 4.3 (d)) we can see some non-uniform 
background features. This is owing to the sidelobe effects of the transducers because the 
focused receiver has detected the structure of the transmitted acoustic field22,23. The sidelobe 
effects are nearly invisible in the £-/domain result by planar transducers (Fig. 4.3 (c)) owing 
to the averaging of the signal phase over the receiver surface in the reception process.14 The 
k-f domain data calculated using the 2-D model (Eq. 4.10) are shown in Fig. 4.3 (f). The 
dispersion structures in the experimental and model results are very similar. The background 
features due to the sidelobe effects are not observable in the model result because the model 
assumes that both transducers have a Gaussian beam profile and therefore have no sidelobes. 
For the results shown in Figs. 4.3 (c) and (d), the k-f domain data contain the 
contribution from not only the transducer beams but also the transducer frequency responses. 
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To reconstruct the TC completely we perform a reference scan and calculate the TC using Eq. 
(4.12). Figure 4.4 gives an example that demonstrates the method of rapid reconstruction of 
the TC using a pair of highly focused transducers and with the aid of a reference scan. The 
transducers are a pair of spherically focused transducers (Panametrics V305) with a center 
frequency of 2.25 MHz, a diameter of 19.1 mm, and a focal length of 25.4 mm. Both 
transducers are oriented at 20°. The scan is first performed on the 1.60-mm-thick aluminum 
plate and the x-t domain result is shown in Fig. 4.4 (a). The reference scan is then performed 
under the same experimental settings but with no plate sample. The result is shown in Fig. 
4.4 (b). The ray traces are similar in Figs. 4.4 (a) and (b) except that the data in Fig. 4.4 (a) 
has more trailing waves in time owing to the presence of the plate. 
The differences between the above two results are shown clearly in the transformed k-
f domain, which are given in Figs. 4.4 (c) and (d), respectively. In the £-/domain result with 
the sample (Fig. 4.4 (c)), we see clearly five plate wave modes, A0, So, Ai, Si, and Sz, whereas 
in the result of the reference scan (Fig. 4.4 (d)) we see the contribution of the transducer 
beams and frequency responses only. Because this pair of transducers is highly focused (the 
ratio of a to FQ is 0.375), the £-/domain data in the sample and reference scans both have a 
large angular distribution. We are able to map the dispersion curves for phase-match angles 
as small as 0°, at the mode cut-offs, and larger than 40°. Such a wide angular coverage 
would require many measurements if planar transducers were used instead. The k-f domain 
results from the sample and reference scans are used to calculate the TC using Eq. (4.12), and 
the result is shown in Fig. 4.4 (e), where the grayscale image represents the magnitude of the 
reconstructed TC is dB. The predicted plane-wave TC, based on the elastic properties of the 
sample plate and the coupling fluid, is shown in Fig. 4.4 (f). We can see that in the effective 
measurement regions, 0-45° in phase-match angle and 0-3.5 MHz in frequency, the TC has 
been very well reconstructed. The TC and its associated dispersion curves serve as the 
important quantities for further determination of the elastic behavior of the plate. 
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Figure 4.4. Rapid reconstruction of the TC on an aluminum plate, (a) the sample scan result 
in the x-t domain; (b) the reference scan data in the x-t domain; (c) the sample scan result in 
the k-f domain in dB, (d) the reference scan result in the k-f domain in dB, (e) the 
reconstructed TC in dB, and (f) the calculated TC in dB. 
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Characterizing isotropic plates 
For isotropic plates with low attenuation, a zero or low transducer orientation angle 
scan can be used to map out the mode cut-off regions to get the longitudinal and shear 
constants directly. In this work two types of isotropic plate samples, a 3.0-mm-thickness 
steel plate and a 0.98-mm-thick glass plate with a relatively low Possion's ratio, have been 
measured. For the steel sample a pair of 2.25 MHz spherically focused transducers 
(Panametrics V305, 19.1 mm in diameter, and 25.4 mm in focal length) has been used, at 
zero orientation angles in a nearly confocal geometry. The scan has been performed for x\ 
from —30.0 mm to 30.0 mm at a step of 0.2 mm. The sampling frequency is 25 MHz and the 
length of the time window is 20 [is. The results are shown in Fig. 4.5. In this figure, frames 
(a) and (b) show the x-t domain data for the sample and reference scans, respectively. Here 
we are able to see very interesting ray patterns in both data. In the data from the sample scan 
(Fig. 4.5 (a)), we can see clearly the trailing field in a large angular range. The signals are 
strongest in the zero degree direction, obviously because both transducers are orientated at 
zero degrees. Those signals are primarily due to the longitudinal wave resonance in the plate 
thickness direction. Because of the big mismatch between the acoustic impedances of the 
steel plate and water, the trailing fields continue fairly long in the time domain. The ray trace 
in the reference scan is relatively simple; there is no plate-induced trailing wave. The trace 
shows a large curvature because the transducers are highly focused. 
The k-f domain results for the sample and reference scans are shown in Figs. 4.5 (c) 
and (d), respectively, and the reconstructed TC is shown in Fig. 4.5 (e). The TC has been 
effectively mapped out in an angular range from 0° to 25°. Because this sample is relatively 
thick, we are able to see quite a few plate modes, including Au Su Sz, A3, and S3; the cut­
offs of these six modes are also clearly visible. Using those cut-off frequencies, we get Cu = 
267 GPa and C44 = 79.0 GPa. To check our reconstruction results, we use the two 
reconstructed parameters to calculate the plane-wave TC and the result is shown in Fig. 4.5 
(f). We can see the excellent agreement between the measured and calculated TC in the 
effective k and/ranges, although only the cut-off frequencies have been used to determine 
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Figure 4.5. Rapid TC reconstruction on the 3-mm-thick steel plate, (a) the sample scan 
result in the x-t domain; (b) the reference scan result in the x-t domain; (c) the sample scan 
result in the £-/domain in dB, (d) the reference scan result in the k-f domain in dB, (e) the 
reconstructed TC in dB, and (f) the calculated TC in dB based on the reconstructed elastic 
constants. 
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the two elastic constants. To make an independent check on the reconstruction results, we 
have also used a 10-MHz contact-mode longitudinal wave transducer and a 5-MHz contact-
mode shear wave transducer to measure the longitudinal velocity VL and the shear wave 
velocity Vs. The results are VL = 5.76xl03 m/s and Vs = 3.13xl03 m/s, which give Cu = 265 
GPa and C44 = 78.5 GPa. The percentage difference between the results by reconstruction 
and the contact measurement is 0.4% and 1.1%, respectively for Cu and C44. 
The second isotropic sample is a 0.98-mm-thick glass plate sample. The synthetic 
aperture scan has been performed using a pair of 5-MHz cylindrically focused transducers 
(Panametrics V308, 19.1 mm in diameter, and 25.4 mm in focal length) at 0° and 25.0 mm 
from the sample. The scan has been performed for x, from —25.0 mm to 25.0 mm at a step of 
0.2 mm. The sampling frequency is 50 MHz and the time window is 10 fJs in length. The 
obtained &-/domain results for the sample and reference scans are shown in Figs. 4.6 (a) and 
(b), respectively. Four plate wave modes, including Ai, Si, A%, S2, and A3, and their mode 
cut-offs have been mapped out. The reconstructed TC is shown in Fig. 4.6 (c). Again using 
the mode cut-off frequencies we obtain the longitudinal velocity VL = 5.72xl03 m/s and the 
shear wave velocity Vs = 3.42xl03 m/s, or Cu = 80.4 GPa and Cw = 28.8 GPa. The Possion's 
ratio is 0.222. The calculated plane-wave TC based on the two reconstructed elastic 
constants is shown in Fig. 4.6 (d). The reconstructed TC agrees well with the mode 
calculation to fine details. The contact measurements give a longitudinal wave velocity of 
5.79xl03 m/s and a shear wave velocity of 3.49xl03 m/s, or Cn = 82.3 GPa and C44 = 29.2 
GPa. The reconstructed stiffnesses are within 2% from the results by contact measurements. 
Characterizing anisotropic plates 
The first anistropic plate we have tested is the 525-^m-thick silicon wafer. The 
material is cubic with three independent elastic constants: Cu, C12, and C44. Because the 
sample is relatively thin, we have used a pair of cylindrically focused transducers with a 
higher frequency of 10 MHz (Panametrics V311, 12.7 mm in diameter, 50.8 mm in focal 
length) for the measurement. This pair of transducers has a relatively smaller angular beam 
spread of about 10°. We have made two scans with the transducers at 0° and 15°, 
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Figure 4.6. Rapid TC reconstruction on the 0.98-mm-thick glass plate, (a) the £-/domain 
data from the sample scan in dB, (b) the k-f domain data from the reference scan in dB, (c) 
the reconstructed TC in dB, and (d) the calculated TC in dB based on the reconstructed 
elastic constants. 
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respectively, and summed the scan results in the k-f domain. The combined k-f domain result 
is shown in Fig. 4.7 (a). To reconstruct the three stiffnesses, we first use the cut-off 
frequencies of the A\ and Si modes mapped by the 0° scan to determine Cu and C44, 
respectively. We then run the optimization procedure on the So mode mapped by the 15° 
scan to reconstruct C12- The reconstructed elastic stiffnesses and their comparison with the 
nominal values24 are listed in Table 4.1. The calculated plane-wave TC using the 
reconstructed elastic parameters is shown in Fig. 4.7 (b). By comparison we can see that the 
agreement between the calculation and experiment is very good in the effective measurement 
regions. 
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Figure 4.7. Rapid TC reconstruction on the 525-^m-thick silicon wafer. (a) the 
reconstructed TC in dB from the 0° and 15° transducer scans, and (b) the calculated TC in dB 
based on the reconstructed elastic constants. 
Table 4.1. A list of the reconstructed elastic constants of the silicon wafer sample and its 
comparison with the nominal values 
Elastic constant Cn Cn C44 
Reconstructed (GPa) 165 59.1 77.9 
Nominal (GPa) 166 63.9 79.7 
Difference percentage (%) 0.6 7.5 2.1 
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The second anisotropic plate sample is the 0.92-mm-thick uni-axial T300/CG-914 
[0]g graphite-epoxy laminate. For this sample we have made two synthetic aperture scans: 
one in the 0° direction (along the x axis), for Cn, C13, C33, and C55, and the other in the 90° 
direction (along the y axis), for C33 and C44. In both measurements we have used a pair of 5-
MHz cylindrically focused transducers (Panametrics V308, 19.1 mm in diameter, and 25.4 
mm in focal length). Figures 4.8 (a) and (b) shows the reconstructed TC in the k-f domain 
from the x and y scans, respectively. The reconstructed elastic constants are shown in Table 
4.2. Elastic constant C33 has been reconstructed from both the x and y measurements : 15.6 
GPa from the x measurement and 16.3 GPa from the y measurement. Figures 4.8 (c) and (d) 
show the calculated plane-wave TC using the reconstructed elastic parameters listed in Table 
4.2, for the above two measurements. We see that the dispersion structure is fit very well in 
almost all parts of the dispersion spectrum although the elastic constants have been 
reconstructed based only on a small portion of the dispersion data. To make a preliminary 
verification of the reconstruction results, we have also measured different ultrasonic 
velocities including V33 (the longitudinal velocity in the thickness direction), V13 (the shear 
wave velocity parallel to the fibers), V23 (the shear wave velocity normal to the fibers) and 
V,olI (the low-frequency phase velocity of the So mode in the fiber direction). The above four 
velocities have the following relationship with the elastic constants, 
A comparison of the velocities from reconstruction and the contact measurements is shown 
in Table 4.3. The difference percentages are less than 3%. 
The last anisotropic plate sample we have tested is the bi-axial composite laminate 
with a lay-up of [0/90]3s. A bi-axial laminate with a general ply lay-up can be considered as 
an othortropic material with 9 independent elastic constants: Cn, C12, C13, C22, C23, C33, C44, 
C55, and Cee- Among those constants, Cu, C13, C33 and C55 can be determined from the scan 
in the 0° or x direction whereas C22, C23, C33 and C44 can be measured in the 90° or y 
direction. The remaining elastic constants are C12 and Cee- Cncan be determined in 
(C„—Q3-/C33) 
P 
(4.17) 
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Figure 4.8. Rapid TC reconstruction on the uni-axial laminate. The reconstructed TC in the 
k-f domain is shown in (a) for the x measurement and (b) for the y measurement. The 
calculated TC in the k-f domain based on the reconstructed elastic constants is shown in (c) 
for the x measurement and (d) for the y measurement. 
184 
Table 4.2. A list of the reconstructed elastic constants of the uni-axial composite sample 
Elastic constant C„ C13 C33 C44 C55 
Reconstructed (GPa) 138 3.3 15.6 (16.3) 4.3 8.6 
Table 4.3. A comparison between the velocities based on reconstruction and contact 
measurements for the uni-axial sample 
Ultrasonic velocity Vson Vu3 V$23 Vsi3 
Reconstructed (xlO3 m/s) 9.26 3.19 1.64 2.32 
Contact (xlO3 m/s) 9.54 3.15 1.64 2.29 
Difference (%) 2.9 1.2 0.0 1.2 
principle from a measurement away from axes of symmetry, but it has the similar difficulty 
as C13 and Cn- These three constants are generally small compared to the other constants. 
They have little influence on the dispersion behavior and are therefore difficult to measure 
accurately in our measurement. Elastic constant Cee can be inferred accurately according to 
the method outlined in Ref. 18. For this particular laminate sample, the effective elastic 
properties are the same in the 0° and 90° directions, i.e. Cu = C22, C13 = C23, and C44 = C55. 
We therefore only measured the sample in the 0° direction. A pair of 2.25 MHz focused 
transducers (Panamatrics V305, 19.1 mm in diameter, and 25.4 mm in focal length) at 15° 
has been used and the £-/domain results are shown in Figs. 4.9 (a). We can clearly identify 
the SQ and modes. The reconstructed constants are listed in Table 4.4. Those constants 
are used to calculate the dispersion curves and compare with the experimental reflection 
minima. The result is shown in Fig. 4.9 (b). We can see that the model calculation agrees 
well with the experimental result. For this sample we have also measured different ultrasonic 
velocities using contact longitudinal and shear wave transducers. The results and their 
comparison with the calculated velocities based on the reconstructed elastic constants are 
shown in Table 4.5. We see again that the differences are small, within 5%. It should be 
noted that the contact measurement is, of course, also subject to measurement errors. 
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Figure 4.9. Rapid TC reconstruction on the 1.58-mm-thick bi-axial graphite/epoxy laminate 
[0/90]as- The measurement is performed in the 0° direction, (a) is the reconstructed TC in 
the k-f domain and (b) is the calculated TC based on the reconstructed elastic constants from 
(a). 
Table 4.4. A list of the reconstructed elastic constants of the bi-axial composite sample 
Elastic constant Cn Ci3 C33 C55 
Reconstructed (GPa) 70.0 7.9 16.4 5.5 
Table 4.5. A comparison between the velocities based on reconstruction and 
contact-mode measurements for the bi-axial sample 
Ultrasonic velocity Vson V133 Vsi3 
Reconstructed (xlO3 m/s) 6.39 3.17 1.88 
Contact (xlO3 m/s) 6.70 3.19 1.88 
Difference (%) 4.6 0.6 0.0 
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Summary and Conclusions 
The synthetic aperture scan technique using highly focused transducers has been 
applied to fluid-coupled transmission leaky wave experiments to obtain a rapid 
reconstruction of the transmission coefficient in large wavenumber and frequency ranges. A 
complex transducer point model has been used to study the k-f domain voltage in these 
experiments. Both model analysis and experiments have demonstrated that by using the 
large angular beam spread of highly focused transducers it is possible to measure almost the 
entire angular range accessible by phase-matched coupling in water with the transmitting and 
receiving transducers at a single orientation angle. Furthermore, the TC can be completely 
reconstructed with the aid of a reference scan when there is no plate sample in the acoustic 
path. The mode cut-offs and low phase-match angle dispersion data that are difficult to 
obtain in a reflection setup can be mapped out in the transmission geometry and used to 
determine the longitudinal and shear constants in the plate thickness direction. The other 
constants for an anisotropic plate are effectively reconstructed through a stepwise, targeted 
optimization of the selected dispersion data. Experiments have been performed on both 
isotropic and anisotropic plates and the measurement results show a difference of 5% or less 
from contact acoustic estimates or handbook values for most of the elastic constants. 
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GENERAL CONCLUSIONS 
Summary 
In this dissertation we have focused on two important nondestructive evaluation and 
materials characterization problems related to composite laminates: ply lay-up 
characterization and elastic property determination. Several novel methods have been 
developed, and the ultrasonic principles behind those methods have been studied, both 
theoretically and experimentally. 
For ply lay-up characterization, we have developed the EMAT-generated shear wave 
transmission technique effectively to detect ply lay-up errors in composite laminates. We 
have used the transfer matrix approach to establish an analytical model for shear wave 
transmission and have investigated the effects of fiber orientation on normally incident shear 
waves propagating through a composite laminate. The sensitivity of the transmitted shear 
waves to ply lay-up errors has also been studied. A motorized EMAT scan system has been 
developed to assist in the model verification. Both model calculations and experiments show 
that the transmitted shear waves interact with fiber orientations strongly and the results are 
especially pronounced when the transmitter and receiver EMATs are in the crossed 
configuration (the polarization directions of the two EMATs are perpendicular to each other). 
The transmitted shear wave signals, displayed as angle-time patterns, show a great sensitivity 
to ply lay-up errors. This technique has been successfully demonstrated on both cured and 
uncured composite laminates containing a number of possible ply lay-up errors and has been 
shown to be a useful NDE tool for detecting ply lay-up errors in composite laminates at the 
manufacturing stage. 
For elastic property determination we have first developed the simultaneous velocity 
and thickness imaging technique into a practical and accurate NDE tool. We have also 
extended this technique to generate the surface contour images and the cross-sectional 
profiles of the sample. Special considerations that are necessary to achieve accurate and 
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reliable velocity, thickness, and profile images in the application of this technique have been 
discussed in detail. Several application examples have demonstrated that such a technique 
can be used simultaneously to generate accurate velocity, thickness, and sample profile 
images for both materials characterization and flaw detection in composite laminates and 
other plate-shaped materials. 
Second, we have introduced two novel approaches that greatly entrance the speed and 
reliability of elastic property reconstruction in fluid-coupled leaky wave experiments. The 
first of these pertains to the method of data acquisition, and the second concerns data 
processing and elastic property reconstruction. For data acquisition, we have extended the 
synthetic aperture scan method using planar transducers in immersion leaky wave reflection 
or transmission measurements to allow the use of focused transducers. The complex 
transducer point (CTP) approach has been used to model the k-f domaiin receiver voltage 
obtained from the synthetic scan and to analyze the effects on the measurement results from 
all the extrinsic experimental parameters including the transducer aperture size, curvature, 
height and orientation angle. Both theoretical analysis and experimentaJ verification show 
that the angular beam spread and orientation angle of the transmitter and receiver determine 
the angular range of the k-f domain result. With the aid of the synthetic aperture scan 
technique, the large angular spread of focused transducers can be utilized to obtain a rapid 
mapping of the reflection or transmission coefficient and their associated dispersion curves. 
In particular, mode cut-off frequencies can be mapped with transducers at a low orientation 
angle. For data processing and elastic property estimation, a novel stepwise, targeted 
procedure has been developed to allow efficient reconstruction of the elaistic constants with 
only minimal use of the highly redundant dispersion-curve data. It has aEso been found that 
the mapped mode cut-off frequencies can be used to determine or estimate directly and 
simultaneously the longitudinal and shear constants in the thickness direction. The 
combination of the above two novel approaches provides a rapid alternative to the use of 
electronically steered arrays or to the mechanical steering of planar transducer beams for 
material property estimation in plates. Application of this elastic property estimation 
procedure to both isotropic and anisotropic plates shows that the measurement accuracy is 
within 5% of contact acoustic estimates for most of the elastic constants. 
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Recommendations for Future Research 
Beyond the work presented in this dissertation there is still much further research to 
be done on the above two topics. First, the ply lay-up inversion from the shear wave 
transmission data needs to be further investigated. A considerate amount of effort is also 
needed in order to apply this technique to the manufacturing process of composite laminates. 
Second, the applications of the simultaneous velocity, thickness, and profile imaging 
technique in this dissertation are limited to plate-like materials. Application of this technique 
to tube samples is currently underway. Third, multiple complex transducer points can be 
used to predict the sidelobe effects in the k-f domain voltage from the synthetic aperture scan 
in a reflection or transmission leaky wave experiment. A careful comparison between the 2-
D and 3-D experiment is needed. It is also desirable to develop a method to extract the 
material viscoelastic property from the reconstructed reflection or transmission coefficients. 
Finally, our current work on leaky wave measurements using focused transducers is limited 
to fluid-coupled experiments. The same principle is completely applicable to the air-coupled 
transmission experiment, where the non-contact nature of the air-coupled ultrasound can add 
one more advantage to the focused transducer scan technique for rapid elastic property 
estimation in composite laminates and other plate materials. 
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